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Abstract First discovered in plants the nematode 

Caenorhabditis elegans, the production of small inter- 
fering RNAs (siRNAs) that bind to and induce the deg- 
radation of specific endogenous mRNAs is now recog- 
nized as a mechanism that is widely employed by 
eukaryotic cells to inhibit protein production at a post- 
transcription al level. The endogenous siRNAs are typi- 
cally 19- to 23-base double-stranded RNA oligonucleo- 
tides, produced from much larger RNAs that upon 
binding to target mRNAs recruit RNases to a protein 
complexthat degrades the targeted mRNA. Methods for 
expressing siRNAs in cells in culture and in vivo using 



viral vectors, and for transfecting cells with synthetic 
siRNAs, have been developed and are being used to es- 
tablish the functions of specific proteins in various cell 
types and organisms. RNA interference methods pro- 
vide several major advantages over prior methods (an- 
tisense DNA or antibody-based techniques) for suppress- 
ing gene expression. Recent preclinical studies suggest 
that RNA interference technology holds promise for the 
treatment of various diseases. Pharmacologists have 
long dreamed of the ability to selectively antagonize or 
eliminate the function of individual proteins — RNAi 
technology may eventually make that dream a reality. 
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I. Introduction 

RNA interference (RNAi 1 ), as commonly defined, is a 
phenomenon leading to poht-transcriptional gene silenc- 
ing (PTGS) after endogenous production or artificial in- 
troduction into a cell of small interfering double strand 
RNA (siRNA) with sequences complementary to the tar- 
geted gene (Bosher and Labouesse, 2000). Whereas the 
transcription of the gene is normal, the translation of 
the protein is prevented by selective degradation of its 
encoded mRNA. However, PTGS is not restricted to 
RNAi and has emerged as a more complex mechanism 
that involves several different proteins and small RNAs. 
It is presumed that cells employ RNAi to tightly regulate 
protein levels in response to various environmental 
stimuli, although the extent to which this mechanism is 
employed by specific cell types remains to be discovered. 
However, the fact that RNAi is operative in cells of 
organisms ranging from plants, to nematodes and (lies, 
and to mammals attests to its fundamental importance 
in the selective suppression of protein translation by 

> (', idation < » icoding i TA. Be 
biological relevance, PTGS is emerging as a powerful 
t ool to study the function of individual proteins or sets of 
proteins. User-friendly technologies for introducing 
siRNA into cells, in culture or in vivo, to achieve a 
selective reduction of single or multiple proteins of in- 
terest are rapidly evolving. The present article reviews 
this emerging technology, findings obtained to date us- 
ing such RNAi methods, and the potential of RNAi- 
based therapeutics for treating human disease. 



II. Principles of RNA Interference 

RNA interference most likely evolved as a mechanism 
for cells to eliminate unwanted foreign genes. Foreign 
genes are often present in cells at high copy numbers, 
being present as viral genes, transposable elements, or 
as plasmids introduced experimentally in cell transduc- 
tion protocols. It has been known for several decades 
that the level of expression of transgenes usually de- 
creases as the number of copies present in the cell in- 
creases and that endogenous homologous genes can also 
be suppressed by the presence of the transgene (Napoli 
et aL, 1990). Although such gene silencing can occur at 
the transcriptional level, it is now recognized that a 
major mechanism of gene suppression occurs post-tran- 
scriptionally, and that a major mechanism for this PTGS 

'Abbreviations: RNAi, RNA interference; All'', a|K>tosis-indiicing fac- 
tor; dsRNA, double-stranded RNA; LAP, inhibitor of apoptosis protein; 
PTGS, post-transcription a 1 none silencing; KISC, RNA-induced silenc- 
ing complex; shRNA, short hairpin RNA: siRNA, sine!! interfering 
RNA; IP 3 , inositol 1 ,4,5-tnsphosphate; NMD nons< m mod ted 
mRNA decay; miRNA, micro-RNA: GFP. green fluorescent protein; 
NF-h-B, nuclcat fa. >.i kB I IV bum i in > nod. 0 en- in i'NI 
tumor necrosis factor; Tf lS. iran.-'-riptiona] s.one silencing. 



is RNAi, the selective degradation of mRNAs targeted by 
siRNAs (Van Blokland et al., 1994). Such PTGS via 
RNAi can occur very rapidly with proteins for many 
genes, being decreased within hours, and completely 
absent within 24 h (Truss et al., 1997). Based upon these 
and other findings initially made in studies of plants 
(Raicliff et al., 1997), it seems very likely that RNAi 
evolved as a mechanism to defend plant cells against 
viral infections. 

A. Post-Transcriptional Gene Silencing and the 
Discovery of RNA In terference 

PTGS and RNAi were discovered in genetic transfor- 
mation studies of eukaryotic cells, principally plants and 
worms, wherein it was shown that mRNAs for the en- 
coded Irate-gene alone, or together with mRNAs for ho- 
mologous endogenous genes are very low or absent de- 
spite high levels of transcription (Fire, 1999; Marat lie et 
al., 2000). The ability to manipulate and monitor gene 
expression in the plant Arabidopsis t kali ana and the 
i i iiit ( the gi of 

both species are now complete) revealed the process of 
RNAi and allowed the relatively rapid identification of 
several genes that regulate the RNAi process. 

Transgenes insert into the genomes of plants by re- 
combination in an apparently random manner so that 
the number of inserted copies, their chromosomal loca- 
tion, and their local arrangement within the chromo- 
some vary among transformants. The observation of an 
inverse correlation between copy number and the level 
of gene expression suggested that an increased copy 
number of a particular gene results in silencing of that 
gene (Assaad et ah, 1993). It was initially thought that 
such gene silencing was due to reduced gene transcrip- 
tion resulting from interactions between closely linked 
copies that result in the formation of secondary struc- 
tures that promote mothylation and inhibition of tran- 
scription (Ye and Signer, 199th. Further studies showed 
that transcriptional gene silencing (TGS) could also oc- 
cur in trans, such that one transgene can be silenced by 
another transgene introduced either by crossing or 
transformation. It was then proposed that a silencing 
RNA is produced by one locus that somehow effects the 
silencing of the other gene by a mechanism involving 
RNA-mediated inhibition of transcription (Mette et ah, 
2000). Although some data were consistent with such 
mechanisms of transcriptional silencing, additional data 
suggested the involvement of PTGS. The presence of 
double-stranded RNAs (dsRNAs) and their cleavage into 
siRNAs of approximately 23 nucleotides was demon- 
strated, and it was then shown that expression of 
dsRNA with sequences corresponding to open reading 
frames in plants results in PTGS (Hamilton and Baul- 
combe, 1999). Similarly, expression of dsRNAs with se- 
quences complementary to those of endogenous genes 
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results in the selective silencing of those genes in C. 
elegans (Zamore et ai., 2000). Collectively, the studies of 
A. thaliana and C. elegans showed that both TGS and 
PTGS can be initiated by the same RNA degradation 
pathway — TGS occurs when the dsR.VA includes pro- 
moter sequences, whereas PTGS occurs when the 
dsRNA includes coding sequences. Although degrada- 
tion of dsRNA is common to both mechanisms of gene 

' i 1 ul 1 i 1 f i kKSA li 

ated TGS and PTGS involve different specific steps. 

Although RNAi as a mechanism of PTGS was first 
discovered in plants and may have evolved as a cellular 
defense mechanism against foreign DNA and RNA. it is 
very clear that RNAi is widely employed in most if not 
all eukaryotic cells as a mechanism to regulate the ex- 
pression of endogenous genes. In 1998, it was discovered 
that injection of dsRNA was much more effective for 
silencing of gene expression in C. elegans than was sin- 
gle-stranded antisen.se RNA (Fire et al., 1998). This 
experimentally induced PTGS, the first report: of the use 
of RNAi as a tool in biology, was very potent, and re- 
markably, the PTGS occurred not only in the worms to 
which the dsRNA was administered, but also m their 
progeny. It was then demonstrated that the endogenous 
m RNA was the target of the injected dsRNA by a post- 
transcriptional mechanism and involving degradation of 
the targeted mRNA (Montgomery et al., 1998). Surpris- 
ingly, it was further shown that the dsRNA is effective 
at very low concentrations, such that the copy numbers 
of the targeted mRNA are far greater than the number 
of dsRNAs present in the cell (Fire et ah, 1998; Keimer- 
dell and Gut hew, 1.998). In addition, the suppression of 
the protein encoded by the targeted mRNA was found to 
persist through many rounds of cell division. The latter 
two observations strongly suggested that cells possess a 
mechanism for amplifying the RNAi mechanism. Not 
only can the RNAi process be maintained within cells of 
a common lineage, but; it can also be transferred between 
cells, as shown in C. elegans where injection of dsRNA 
into the intestine results in silencing of the targeted 
gene in all cells of the Fl progeny of that worm (Fire et 
al., 1998). Indeed, dsRNA can enter cells and induce 
PTGS when worms are soaked in a solution containing 
the dsRNA or when the worms are fed bacteria express- 
ing dsRNA (Tabara et al., 1998; Timmons and Fire, 
1998). Recently, a transmembrane protein called SID-1 
was identified as a possible mediator of intercellular 
transfer of RNAi (Winston et al., 2002). 

Subsequently, other organisms were assayed for their 
capacity to induce RNAi. Evidence for RNAi in Drosoph- 
ila was first demonstrated by Kennerdell and coworkers 
(Kennerdell and Carthew, 1998) who showed the in- 
volvement of the frizzled and frizzled2 genes in the wing- 
less pathway after introduction of dsRNA into embryos. 
Again, several techniques were developed in order to use 
dsRNA in this organism leading to the establishment of 
cell-free (Tuschl et al., 1999) and cell culture models 



(Caplen et al., 2000). A system that employed dsRNA as 
an extended hairpin-loop RNA was developed to induce 
heritable gene silencing (Kennerdell and Carthew, 
2000). The Drosophila system has allowed the identifi- 
cation of several endogenous genes that play key roles i n 
th \i. proees vn RNA i < e act) called RIS< 
% iduced silencing complex! was discovered that is 
responsible for the degradation of endogenous mRNAs, 
as ell t a < t gmerits < 25 nut e< 1 

in length), which could be used as guides by RISC (Ham- 
mond et al., 2000). They Later characterized RISC as a 
ribonucleoproteic complex tHammond et al., 2001). 
These results were soon extended by showing that RNAi 
is an ATP-dependent and translation-independent event 
where the introduced dsRNA is processed into 21-23 
nucleotide fragments that guide the cleavage of endog- 
enous transcripts (Zamore et al., 2000). The enzyme 
responsible for the processing of the dsRNA was later 
discovered as a RNase III family nuclease named Dicer, 
a protein with high homology to the rde-1 C. elegans 
gene (Bernstein et al., 2001). To study the functions of 
RNAi in yeast, Volpe et al. (2002) deleted argonaute, 
dicer, and RNA-dependent RNA polymerase homologs; 
deletion resulted in the accumula tion of complementary 
transcripts from centromenc heterochromatic repeats 
and de-repression of transgones integrated at the cen- 
tromere and impairment of centromere function. The 
authors of the latter study proposed that dsRNA arising 
from, centromeric repeats targets the formation and 
maintenance of heterochromatin through RNAi. 

In mammalian cells, RNAi was first employed as a 
tool to induce the silencing of the targeted gene (Wianny 
and Zernicka-Goetz, 2000). This approach was partially 
successful in mouse embryos (Wianny and Zernicka- 
Goetz, 2000; Svoboda et al, 2001) and embryonic cell 
lines (Billy et al., 2001; Yang et al., 2001; Paddison et al., 
2002b) where specific gene silencing was achieved. On 
the other hand, the introduction of dsRNA into mamma- 
lian somatic 'cells presents a major problem because it 
can induce (in a manner similar to the silencing ob- 
served during viral infection) to the activation of the 
PKR (protein kinase R) and RNAseL pathway, resu 1 1 i ng 
in the inhibition of protein synthesis and induction of 
apoptosis (Baglioni and Nilsen, 1983; Clarke and 
Mathews, 1.995; Gil and Esteban, 2000). Interestingly, 
this shows that, in mammalian cells, the mechanisms 
for RNA interference are not identical to those in lower 
organisms although RNAi does operate in at least a 
subset of mammalian cell types, in a Dicer-dependent 
manner via post-transcriptional mechanisms (Billy et 
al., 2001; Paddison et al., 2002b). Elbashir et al. (2001a) 
had the idea of directly introducing 21-23 nucleotide 
dsRNA (siRNAs) into mouse and human cells to try to 
avoid the problems associated with the expression of 
longer dsRNAs. They showed that the siRNA could effi- 
ciently trigger silencing in the mammalian cells. 
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RNAi mechanisms may provide explanations for var- 
ious biological phenomena that were previously de- 
scribed, but without any understanding of the possible 
underlying mechanism. For example, it was recently 
proposed that RNAi mechanisms could explain the con- 
troversial process of RNA-mediated memory transfer in 
planaria (Smalheiser et al, 200 1 i. It will certainly be of 
interest to investigate possible roles for RNAi in the 
many different physiological processes that involve mod- 
ulation of protein levels at a post-transcriptional level. 

B. Mechanism of RNA Interference 

A clearer picture of PTGS emerged from several dif- 
ferent basic observations, including the necessity of 
transcriptionally active genes and the ability of RNA 
viruses to silence a homologous endogenous gene (En- 
glish et al., 1997). Within the last 3 years, a flurry of 
studies have identified several of the molecules that 
mediate RNAi, and the mechanism whereby these mol- 
ecules effect the selective degradation of targeted mR- 
NAs. It is now clear that the production of dsRNA with 
sequence complementary to the mRNA being targeted is 
un lental < > > f PTGS )gle-sti dec! 
RNA is not sufficient to induce PTGS. The importance of 
dsRNA is supported by a wealth of data. Transgenes 
engineered to synthesize dsUNA require only a few cop- 
ies of the dsRNA to achieve PTGS and can induce cosup- 



pression. There are several ways such transgenes pro- 
duce dsRNA including the synthesis of long hairpin 
mRNAs by transcription of an inverted repeat (Kenner- 
dell and Carthew, 2000; Tavernarakis et al, 2000), and 
transcription of complementary sense and antisense 
strands by opposing promoters (Wang et a)., 2000). 
Other studies have shown that although cells- may ini- 
tially produce very long dsRNAs, they are cleaved into 
smaller dsRNAs, 21-25 nucleotides in length, that actu- 
ally mediate RNAi (Hamilton and Baulcombe, 1.999). 

How does a small dsRNA with a sequence complemen- 
tary to a specific mRNA effect PTGS? The proteins that 
mediate the RNAi process have been identified using 
several approaches, most notably genetic screens for 
mutants resistant to RNAi in C. elegans and resistant to 
PTGS in Neurospora and Arabidopsis (Fig. 2). These 
studies have identified homologous genes in each spe- 
cies, and subsequent identification of mammalian ho- 
moiog's, that encode proteins required for RNAi. Three 
homologous genes identified in the initial screens are 
rde-1 in C. elegans (Tabara et al, 1999), qde-2 in Neu- 
i 1 i ( )96 ag \rahidopsis 

(Dalmay et al, 2000; Fagard et al, 2000). The proteins 
encoded by each of these genes share homologies with 
the eIF2C translation factors. In C. elegans, rde-1 is 
required for germline transmission of RNAi, but not for 
transmission of RNAi among cells of the worm (Grishok 
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et al., 2000) suggesting that it plays a role in the pro- 
duction of the RNAi signal. Another set of homologous 
genes involved in RNAi, identified in the screens for 
PTGS/RNAi mutants, include ego-1 in C. elegans 
(Tabara et al., 1999; Smardon et al., 2000), qde-1 in 
Neurospora (Cogoni and Marino, 1999) and sgs2l sdel in 
Arabidopsis (Mourrain et al., 2000). The latter proteins 
appear to be required for PTGS and may act by cata- 
lyzing the production of dsRNA in cells because they 
contain motifs similar to those of RNA-directed RNA 
polymerases that convert a single-stranded RNA tem- 
plate into a dsRNA. Further studies in C. elegans have 
identified the smg-2, smg-5, and smg-6 genes as being- 
involved in PTGS. However, the products of these genes 
are not required for the initial silencing by dsRNA, but 
are required for long-term maintenance of the gene sup- 
pression (Domeier et al., 2000). Smg-2 apparently am- 
plifies the RNAi signaling such that it persists for the 
lifetime of the worm, whereas SMG-5 and SMG-6 are 
phosphatases that may facilitate Smg-2's actions by de- 
phoshorylating it. Interestingly, Smg-2 shares a high 
degree of homology with yeast UPF1, a protein known to 
have RNA binding, ATPase and helicase activities (Page 
et al., 1999). 

A working model for RNAi is shown in Figs. 1 and 2. 
The first step is the production of dsRNA directed 
against an mRNA. The second step involves the recog- 
nition of dsRNA and its processing to produce 21-23 
nucleotide siRNAs. The "effector step" is the recognition 
of the target mRNA by the siRNAs and the selective 
degradation of that mRNA. The introduction of dsRNA 



into cells, whether produced endogenously from exoge- 
nous plasmids or viral vectors, results in its recognition 
by an enzyme that cleaves the dsRNA into 21- to 23- 
nucleotide double-stranded f ragments in an ATP-depen- 
dent, processive manner with a 2-nueleotide 3 -overhang 
and a o'-phosphorylaled end (Zamore et al., 2000; El- 
bash i d i 2001b) This nucleasi was identified s an 
enzyme called Dicer that is highly conserved among 
1 n i 1 d mam i > , ! 

of the RNase III family of dsRNA-specific ribonucleases 
( Bernstein et ah, 2001V Dicer enzymes recognize and 
process dsRNA (Bernstein et al.. 2001: Retting et ah, 
2001 ) and are essential for RNAi (Bernstein et ah, 2001; 
Grishok et ah, 2001; Retting et ah, 2001). Dicer is 
thought to function as a dimer based upon knowledge of 
bacterial RNase III and structural evidence; crystallo- 
graphy and modeling studies of RNase III suggest a 
mechanism for double-stranded RNA cleavage tBlaszc 
zyk et ah, 2001). Dicer not only processes dsRNA into 
iH\ ' 1 ut Is,, [„(,«, . , i,< og ( n, iiMcj. iIa ivk\\ 
called micro-RNAs. The C. elegans RNAi pathway gene 
rde-4 encodes a dsRNA binding protein that interacts 
during RNAi with RNA identical to the trigger dsRNA; 
RDE-4 protein also interacts with Dicer and a conserved 
DExH-box helicase (Tabara et ah, 2002). These and ad- 
ditional data obtained by the authors in the hitter study 
suggest that RDE-4 and RDE-1 function together to 
detect, retain, and present dsRNA to Dicer for process- 
ing. Different domains of Dicer have been idem died 
including a dsRNA binding domain, an RNase III activ- 
ity domain, a helicase activity domain and a PAZ do- 
main (Piwi-Argonaut-Zwille domain, a region of a hun- 
dred amino acids, which could mediate interaction with 
argonaute proteins) (Bernstein et ah, 2001). Mouse Di- 
cer is very similar to human Dicer with a predicted size 
of 1906 amino acids and molecular mass of 215 kDa, and 
contains a tandem repeat of RNase III catalytic do- 
mains, dsRNA binding region, a DExH/DEAH helicase 
moth and a PAZ domain (Nicholson and Nicholson, 
2002). The mouse Dicer gene is located in chromosome 
12 and the gene is widely expressed in cells throughout 
the body in embryonic and adult life. 
Once generated, the small 21-23 nucleotide dsRNA 
i ' I siRNA an then recognized bj a multi- 

protein complex called RISC and used as a guide for the 
recognition and degradation of the target mRNA (Tuschl 
et ah, 1999; Hammond et ah, 2000; Zamore et ah, 2000; 
Nykanen et ah, 2001). Experiments in Drosophila 
showed that RISC is present as a precursor complex that 
can be activated by ATP to form a complex with endo- 
nuclease activity that can cleave endogenous mRNAs 
(Hammond et ah, 2000, 2001; Nykanen et ah, 2001). The 
specific components of the RISC are not known, but do 
include members of the Argonaute family (Hammond et 
ah, 2001) that have been implicated in many processes 
previously linked to post-transcriptional silencing. 
Moreover, RISC should include protein responsible for 
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erarfo-and exo-nuclease activity. Recently, RISC activity 
was studied in a human model. Two proteins of the 
Argonaute family, eIF2Cl and eIF2C2, were identified 
in the affinity-purified human RISC '; the authors further 
showed that RISC uses single-stranded siRNAs as a 
guide to en i\'< *h< i doea . a - h\ \ I l> t s't.d ( - 
of the mechanism of RNAi in human cells, Chiu et al. 
(2002) provided evidence that the status of the 5 '-hy- 
Iroxyl terminus of i e sti - T \ \ 

determines RNAi activity, whereas blocking the 3' ter- 
minus does not prevent RNAi. They found that an A- 
form helix structure was. required for the formation of 
antisense-target RNA duplexes. Surprisingly, RNAi still 
occurred when the siRNA duplex was cross-linked by 
psoralen, suggesting that complete unwinding of the 
siRNA helix is not necessary for RNAi activity. Thus, it 
appears that amplification of RNA by RNA-dependent 
RNA polymerase is not essential for RNAi in human 
cells. 

It is likely that additional proteins modify the differ- 
ent steps in the RNAi process. For example, recent ex- 
periments have shown that the Drosophila homolog of 
the fragile X mental retardation protein interacts with 
Dicer and RISC suggesting a possible role in the RNAi 
machinery (Caudy et al., 2002; Ishizuka et al., 2002). 
The -alter results also raise the possibility of a role of 
abnormalities in RNAi in various human diseases. 

C. Other Related Phenomena 

In addition to producing dsRNAs, which are cut into 
siRNAs and then (together with proteins of the RISC 
complex) target and degrade an mRNA species, some 
cells possess additional mechanisms for post-transcrip- 
tional gene regulation at the RNA level. Cells contain 
large amounts of noncoding RNA including tRNAs, snR- 
NAs and rRNA (for review, see Eddy, 2001). Among 
these, a particular class called micro- RNA (miRNA) has 
recently received considerable attention. MiRNAs are 
approximately 22 nucleotides in length and are present 
in many different organisms from C. elegans to humans. 
Studies of the lin-4 gene in C. elegans have demon- 
strated that miRNAs are able to block the translation of 
specific mRNAs from the lin family by binding to the 
3'-untranslated region. In contrast to siRNA, the mRNA 
targeted by the miRNA is not destroyed during this 
process. First expressed as a 70-nucleotide stem loop 
precursor, lin-4 RNA is further processed by the same 
Dicer protein involved in siRNA-mediated RNAi. After 
processing the precursor, lin-4 RNA can bind on the 
target RNA region by complementary base pairing. The 

nl n sR of lin- 14 and lin-28 proteins is repressed by 
this miRNA mechanism to control development of the 
worm. A recent study showed that in human cells both 
siRNAs and miRNAs function concomitantly in the pro- 
cess of PTGS (Hutvagner and Zamore, 2002). The ex- 
pression of some miRNAs, such as lin-4, are tightly 
regulated over time and seem to play an important role 



in development. Such temporal regulation has only been 
established for some of the miRNAs discovered so far; 
such RNA species are called small temporal RNA, which 
can be considered a subset of miRNA (Banerjee and 
Slack. 2002). It was recently shown that, as with siR- 
NAs, miRNAs ran he used as a tool to suppress expres- 
sion of genes of interest (McManus et al., 2002). 

Nonsense-mediated mRNA decay (NMD), although 
not strictly a PTGS phenomenon, is relevant to the gen- 
eral topic of RNAi. NMD is a process that appears to be 
a quality control mechanism that eliminates nonsense 
transcripts such as mRNAs with premature termination 
codons (Frischmeyer and Dietz, 1999). First discovered 
in yeast, this surveillance mechanism is ubiquitous 
among eukaryotes. Coupled to mRNA splicing, this 
pathway results in the degradation of oberrnnt mRNAs. 
There is evidence that NMD is involved in the PTGS- 
related degradation of the mRNA, because some C. el- 
egans genes arc required for both RNAi and NMD 
(Domeier et al, 2000). The two mechanisms are differ- 
ent, however, because NMD is dependent on translation 
of the mRNA, whereas the decrease in mRNA observed 
in RNAi and related PTGS phenomena is not prevented 
by inhibitors of translation (Holtoif et il 1999 \Is ( 
the mRNA degradation associated with NMD begins 
with de-capping followed by 5' to 3' exonuclease degra- 
dation (Ruiz-Echevarria et al., 1996), whereas the deg- 
radation associated with PTGS appears to begin with 
endonucleotidic cleavage (Elbashir et ah, 2001b). 

III. Technical Considerations in the Use of RNA 
Interference 

In several respects the approaches for silencing gene 
expression using RNAi methods are similar to those 
used for antisense DNA-mediated suppression of gene 
expression. In principle, any cloned gene can be targeted 
by designing RNA oligonucleotides or RNA-expressing 
viral vectors with sequences complementary to the 
mRNA transcribed from the target gene. The present 
section of this review article is intended to provide read- 
ers who are planning to use, or have just begun to use, 
RNAi technology into their experimental tool kit with 
practical information on designing and performing ex- 
periments using RNAi methods. In addition, we provide 
descriptions of emerging technical approaches for selec- 
tivc ejn silencing in vitro and in vivo using RNAi. 
Examples of studies that employed methods described in 
the section can be found in Table 1. More detailed infor- 
mation on technical aspects of RNAi technology can be 
found on several different websites including: http://www. 
ambion.com; http://www.imgenex.com; http://www. 
genethei ip n i i inn 

A. Design and Synthesis of Small Interfering RNAs 

Double-stranded RNAs of 20-23 nucleotides (siR- 
NAs), which can be synthesized in large quantities 



'Ill'] I Ki; si [,\ BIOLOGY A 



1 

1 



w ... : : =■ lis m % \t ! i !!■ i 

mi mmwm im m \ 




i i 



11 11 




1 i ill l i 



t 



i 



*lf!i 



k ( , 11 imi y II si 4 !! j i 

II I J«« 111 Mild 111 II 1 Hi I 

I iii i ii 1 iifii nil mil in ii i i in i 

.s .E.s ,s .s.g .a .s.a.s.s.a .s.s.s.s ,s.s.s.s.s .s.s.s .s.s .s .s ,s.s.a .a 

Hi 1 13 i Hill Jill Hill 1,1 ii i « JJJ J 



II f I ! siSi isJiJ I i f Hi I 



I 



=:.:,-■„:-.. 

i\ H I Is! i iiili Jill m iiiS 

i|i!fliii!iliifll lW 

! ! 



HI I 111! 1 ri- - ■ ■ 



I Lit MU 

ffl I I i Jl 1 ! llli HPS II 

I! 

II i i i ill i inn iiiiiii inn mi 

.9.3 .9 .3 .5 .5.3.9 .S J3.9.S.S.S .3.3.3.5.3.3.3 .2 .S .3 .3 .S .3.3.5.3 

iij in i urn jjujji ill mi 



RNA Nil! II Kl N( I lilOLOi \> !) MI D[( INK 



637 



and transfected into cells, are the most commonly 
used reagents for RNAi in cultured cells. All that is 
needed to implement siRXA-modiated silencing of ex- 
pression of a gene of interest is the cDNA sequence of 
that gene, and commercially available reagents with 
winch to perform the synthesis. Although targeting of 
si UN" As to any region of an mRNA would he expected 
to induce degradation of the mRNA and therefore 
abolish production of the encoi pro! ' i 1 1 
data suggest that the probability of achieving selec- 
tive silencing can be increased by targeting the siR- 
NAs to specific regions of the mRNA. Ambion (Hous- 
ton, TX) recommends the following approach for 
designing an siRNA. 1) Beginning with the AUG start 
codon of the target gene transcript, scan downstream 
for AA dinucleotide sequences; each AA and the 3' 
adjacent 19 nucleotides are potential siRNA targets. 
2) Compare the .sequences of the potential target se- 
quences to sequences in the species-appropriate ge- 
nome database (www.ncbi.nlm.nih.gov/BLAST/) and 
eliminate from consideration any target sequences 
that are homologous to other coding sequences. 3.) 
Select 3-4 target sequences along the length of the 
gene for production of siRNAs. Of course it is impor- 
tant for all siRNA experiments to include negative 
control siRNAs with the same nucleotide composition 
but a scrambled sequence. See http://www.mp.ibpc.g- 
wdg.de/abteilungen/100/105/public.html for further 
in formation. 

Chemical synthesis was the first method used to 
produce siRNAs, but now they can be produced in any 
laboratory using in vitro transcription methods. One 
protocol involves the synthesis of DNA oligonucleo- 
tides that include an 8-base sequence complementary 
to the 5' end of a T7 promoter primer. Each gene- 
specific oligonucleotide is annealed to the T7 promoter 
primer, and a fill-in reaction using Klenow fragment 
produces a double-stranded template for use in an in 
vitro transcription reaction (Ambion Silencer siRNA 
construction kit). The two RNA products of the in vitro 
transcription reactions are hybridized to each other, 
treated with DNase (to remove the DNA template) 
and RNase (to even the ends of the dsRNA), and the 
RNA is column purified. Another protocol for the pro- 
duction of siRNAs takes advantage of the availability 
of recombinant human Dicer. Large in vitro tran- 
scribed RNA templates are cleaved by Dicer to pro- 
duce multiple species of 22 base pair siRNAs (Dicer 
siRNA generation kit; Gene Therapy Systems Inc., 
Dan Diego, CA). An advantage of the latter method is 
that, because it produces a mixture of different siR- 
NAs directed against the same mRNA target, the 
probability of obtaining gene silencing is increased, 



B. Construction of Plasmids and Viral Vectors for RNA 
Interference. 

There ere several reasons why expression plasmids 
and viral vectors are being used in basic and applied 
RNAi research. One major reason is that expression 
vectors allow continuous production of siRNAs in cells 
and, therefore, sustained depletion of the protein en- 
coded by the targeted mRNA. A second reason is that, 
particularly with viral vectors, the transfection effi- 
ciency of certain types of cells, particularly postmitotic 
cells can be greatly increased. A third advantage of viral 
vectors is that they are typically more effective in ob- 
i u i si ^ on I i \, i< in I nil i i > in the 
case of RNAi) in vivo. For example, adenoviral vectors 
havi beei extensively sed to ex r< s ones ii postmi- 
totic neurons in vivo (Smith and Romero, 1999). 

Short hairpin RNAs (shRNAs) can be transcribed 
from RNA polymerase III promoters in cells in culture or 
in vivo allowing continuous suppression of expression of 
the targeted mRNA (Paddison et ah. 2002a). The latter 
authors proposed the use of this technology in the gen- 

ition of transgenic mic< t ro 

gene knockout mice. Brummelkamp and colleagues 
(Brummelkamp et ah, 2002a) developed a novel vector 
system for the stable expression of siRNAs in mamma- 
lian cells. They used the polymerase-III Hl-RNA gene 
promoter, which produces a small RNA transcript lack- 
ing a poly-adenosine tail and has a well defined tran- 
scription start and termination signals. The construct 
also allows cleavage of the transcript at the second uri- 
dine after the termination resulting in a transcript that 
resembles the ends of synthetic siRNAs. They designed 
a gene-specific insert that specified a 19-nucleotide se- 
quence derived from the target transcript, separated by 
a short spacer from the reverse complement of the same 
19-nucleotide sequence resulting in the production of a 
19-base pair stem-loop structure. This vector system 
was shown to be effective in sustained suppression of 
target gene expression in several different types of cul- 
tured cells. 

Several laboratories have constructed plasmids that 
contain DNA. templates for the synthesis of siRNAs un- 
der the control of the U6 promoter. For example, Sui et 
al. (2002) inserted DNA. fragments that acted as tem- 
plates for the synthesis of small RN As under the control 
of the mouse U6 promoter that directs the synthesis of a 
Pol Ill-specific RNA transcript to generate an RNA com- 
posed of two identical 21-nucleotide sequence motifs in 
an inverted orientation, separated by a 6-base pair 
spacer of nonhomologous sequences. Five thymidines 
that function as a termination signal for Pol III were 
added at the 3' end of the repeat; the resulting RNA is 
predicted to fold back to form a hairpin dsRNA with a 3' 
overhang of several thymidines. Using this plasmid, 
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they were able to demonstrate the efficient inhibition of 
expression of three different endogenous genes (lamin 
CDK-2, and DNA methyltransferase) in cultured 
human cells. A similar approach that employed U6 pro- 
moter-driven ssKNAs with four uridine 3' overhangs 
was used to effectively suppress expression of ectopically 
expressed genes s well as the emlogenou i 
gene (Miyagishi and Taira, 2002). Retroviral delivery 
systems have been developed based upon several com- 
mercially available vectors. For example, a retroviral 
siRNA vector was developed in which the ("6 promoter 
and anti-target gene hairpin was subcloned into pM- 
SCVpuro (BD Biosciences Clontech. Palo Alto, CA) at 
the unique Nsil site just upstream from the 3' long 
terminal repeat (Devroe and Silver, 2002). Using this 
retroviral siRNA delivery system, they demonstrated 
the efficient and sustained depletion of the NDR kinase 
and the transcriptional coactivator p75 in cultured cells. 

Lentiviral systems for shRNA delivery have also been 
developed. I ,eni ivi ruses can infect noncycling and post- 
mitotic cells, and also provide the advantage of not being 
silenced during development allowing generation of 

i i i i n is throi i an of enibi ni 1 

cells or embryos iNaldmf 1998; Lois et al., 2002; Pfeif'er 
et al., 2002). Using this approach, silencing of green 
fluorescent protein (GPP) m GFP-positive Iran :eni( 
mice has been shown after transduction with lentivi- 
ruses expi - u hliN \ dm cf< d a annst the GFP pro- 
tein (Tiscornia et al., 2003). More recently, Rubinson et 
al. (2003) used lentivirus-delivered shRNA to induce 
silencing of CDS and CD25 in cycling primary T cells 
and the pro-apoptotic molecule Bim in primary bone 
marrow-derived dentritic ceils. Lentiviral-mediated si- 
lencing of CD8 in hematopoietic stem cells was still 
present after injection of the cells in lethally irradiated 
congenic mice. Moreover, in vivo silencing for CD8 or 
p53 was also observed after infection of ES cells or 
zygotes i ading to stable and functional silencing in 
adult RNAi transgenic mice. 

C. Transfection Methods 

Several different transfection methods previously 
used to introduce oligodeoxynucleotides and DNA plas- 
mids into cells have been used to successfully introduce 
siRNAs into cells. However, it has become clear there is 
no single transfection method that can be successfully 
applied to all cell types under all experimental condi- 
tions. It is therefore important to optimize transfection 
conditions so that maximum gene silencing is acheived. 
The following transfection parameters have been shown 
to affect transfection and gene silencing efficacy: cell 
culture conditions, including cell density and medium 
composition; the type and amount of transfer! ion agent; 
the quality and amount of siRNA; and the length of time 
that the cells are exposed to the siRNA. For proliferating 
cells, a subconfluent cell density is preferable. For post- 
mitotic cells such as neurons, cell densities in the range 



of 200 to 500 cells per mm 2 of culture surface work well 
(O. Milavet and M. P. Mattson, unpublished data). Be- 
cause proteins in serum can bind to and/or degrade 
K * i i (ii h I 1 j i 1 1 d n seram- 
ice i - (iii ii I)i .Km- h, i h< i i po, r ( d in the abil- 
ity to transfect and -.mi gene xpn ssio i bob een 
adherent and nonadherent cells. For example, the 
ErbB3 gene was readily silenced in adherent carcinoma 
cells i- ii 'if--- tec s \ i 
whereas the same transfection method was ineffective in 
nonadherent myeloma cells (Walters and Jelinek, 2002). 
Postmitotic cells such as neurons and muscle cells tend 
to be more difficult to transfect using liposomes com- 
pared to mitotic cells such as stem colls, fibroblast*., and 
tumor cells. 

Calcium phosphate-mediated transfer! ion hits been 
used successfully by several laboratories (Donza and 
Picard, 2002; Weil et al., 2002). The most commonly 
used and effective transfection method for short-term 
suppression of ge ne expression using RNAi is to incor- 
porate siRNAs into liposomes. There are an increasing 
variety of such transfection reagents including: Oligo- 
fectamine, LipofectAMINE-2000 and CeilFectin from In- 
vitrogen (Carlsbad, CA) (Caplen et al, 2002; Gan et al., 
2002: Gitlin et al., 2002; Irie et al, 2002; Wong and 
Lazmski, 2002; Miso-Omata et al., 2003): Effectene from 
Qiagen (Valencia, CA) (Martins et al., 2002); and si- 
PORT-Amine and siPORT-Lipid from Ambion (Austin, 
TX). Other methods that have proven effective for trans- 
feeling siRNAs into cultured cells include electropora- 
tion (Calegari et al., 2002; McManus et al., 2002; Ran- 
dall et al, 2003), microinjection (Calegari et al., 2002; 
Kim et al., 2002), and hydrodynamic shock (McCaffrey 
et al., 2002). Similar transfection methods have been 
used to introduce RNA-expressing plasmids into cul- 
tured cells (Iratni et al., 2002; Czauderna et al., 2003). 
An example of the kind of results obtained with an 
optimized transfection protocol that employed Oligo- 
feetamine is shown in Fig. 3 where levels of the cellular 
prion protein are markedly decreased in mouse neural 
precursor cells using two different siRNAs. 

Xia and coworkers (Xia et al., 2002) described the 
development of methods for using a viral-mediated de- 
livery system for gene silencing in mice in vivo. They 
constructed a 21-base pair hairpin representing se- 
quences directed against enhanced green fluorescent 
protein (eGFP), and tested its ability to reduce target 
gene expression in mammalian culture cells. Two differ- 
ent constructs wei*e used, one in which the siRNA hair- 
pin targeted against eGFP was placed under the control 
of the cytomegalovirus promoter and contained a full- 
length simian virus-40 (SV40) polyadenylation (polyA) 
cassette, and the second in which the hairpin was jux- 
taposed almost immediate to the cytomegalovirus tran- 
scription start site (within 6 base pairs) and was fol- 
lowed by a synthetic, minimal polyA cassette. 
Cotransfection of these constructs with an eGFP expres- 
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sinn plasmid showed that the second construct was ef- 
fective in silencing eGFP expression (silencing was cor- 
related with the generation of a 63-base pair RNA 
specific for eGFP). The authors then constructed recom- 
binant adenoviruses that expressed siRNAs directed 
against either GFP or j3-glucuronidase. These vectors 
were effective in suppressing expression of endogenous 
GFP (in GFP transgenic mice) and ^-glucuronidase in 
liver or brain in vivo (Xia et al., 2002). Another study 
reported the use of a rapid injection method to deliver a 
large volume of physiological solution containing siR- 
NAs into the tail vein of mice (Lewis et al, 2002). They 
demonstrated the effectiveness of this method for reduc- 
ing target gene expression in cells throughout the body 
by coinjecting postnatal mice with 10 ug of a plasm id 
containing the luciferase gene along with 5 ug of a syn- 
thetically prepared siRNA duplex targeted against lucif- 
erase (or control siRNAs). One day after injection they 
ollected s< t diffcn nt fans r< pa i d h \m > e 
nates, and screened them for luciferase activity. Lucif- 
erase activity was decreased by 80 to 90% in the liver, 
spleen, lung, kidney, and pancreas of mice injected with 
luciferase siRNA, compared with that in mice injected 
with control siRNAs. They further showed that inhibi- 
tion of target gene expression by siRNA was dose-depen- 
dent and persisted for several days after siRNA admin- 
istration. Using similar approaches, it was shown that 



gone expression can be suppressed in adult mice by 
synthetic small interfering RNAs and by small-hairpin 
RNAs transcribed in vivo from DNA templates (McCaf- 
frey et al., 2002). The latter study also demonstrated the 
1 i i i i i si I i ,i 

of a sequence from the hepatitis C virus in the mice. The 
methods used to transfect cells with viral vectors that 
produce shRNAs are essentially identical to those used 
to transfect cells with similar vectors designed to ex- 
press cDNAs (Abbas-Terki et al, 2002; Barton and 
Medzhhitov, 2002; Devroe and Silver, 2002; Xia et al, 
2002). In another study, injection of liposomes contain- 
ing siRNAs directed against the mRNA-encoding agouti- 
related peptide, a peptide known to regulate body 
weight, resulted in an increase in metabolic rate and 
reduced body weight without a change in food intake 
(Makimura et al, 2002). 

It should be recognized that as RNAi technology ad- 
vances it will likely be possible to produce RNAi "knock- 
out" mice (or other mammals) in which the expression of 
a protein of interest is repressed by the expression of its 
corresponding RNAi related molecule (shRNA or 
miRNA, for example). The resulting animal could be 
seen as an equivalent of its knockout generated by tar- 
geted gene disruption but with much more flexibility 
and efficiency. For example, cell type-specific promoters 
could be used to effect PTGS only in cells of interest; in 
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many cases this may circumvent embryonic lethality 
resulting from gene deletion from all cells. It would also 
be quicker and less costly to produce RNAi transgenic 
animals compared with conventional knockouts. 

IV. Applications of UNA Interference to 
Establishing Gene Function 

The most widely used RNAi technology has been in 
cell culture and in vivo studies aimed at understanding 
the function of an individual (or multiple) proteins. The 
kinds of studies described below and listed in Table 1 
demonstrate the power and flexibility of RNAi for un- 
ambiguously establishing (or excluding) a function of 
individual proteins in various cellular processes. It 
should also be noted that cells can be transfected with 
different combinations of multiple siRNAs, each directed 
against a specific mKNA of interest, to elucidate the 
specific contribuiions of the proteins to a biological pro- 
cess involving a multtprotem complex. For example, 
Wojcik and DeMartino (2002) recently took advantage of 
the latter feature of RNAi methods to elucidate roles for 
different subun ('the pi mi i d 

function. The power of C. elegans and Drosophila molec- 
ular genetics is providing the opportunity to use ge- 
nome-wide RNAi to rapidly establish functions of genes 
in a specific process. For example, Ruvkun and col- 
leagues (Lee et al., 2002c) systematically inactivated 
5690 genes in C. elegans using RNAi to identify genes 
that limit lifespan. They identified a mitochondrial 
leucyl-tRNA synthetase gene and showed that muta- 
tions of this gene that impair mitochondrial function 
increase lifespan, which was associated with decreased 
ATP levels and oxygen consumption. 

A. Signal Transduction 

Intercellular messenger molecules play vital roles in 
the development and proper functioning of all organ- 
isms. Among the most prominent of such signals in 
mammals are growth factors, cytokines, cell adhesion 
molecules, neurotransmitters, steroids, and gases such 
as nitric oxide. Specific receptors located on the cell 
surface or within the cell transduce responses to the 
ligand via signaling cascades that are often complex, 
involving kinases and transcription factors, for example. 
RNAi methods provide powerful tools for establishing 
the roles of individual proteins in the signal transduc- 
tion pathway employed by a specific ligand. Several 
recent studies have demonstrated the efficacy of siRNA- 
mediated knockdown of signal transduction proteins 
and have elucidated roles for those proteins in biological 
responses of cells. Adaptor proteins of the She family 
transduce signals from a diverse group of growth factors 
that signal through receptor tyrosine kinases. Liposome- 
mediated introduction of siRNA against a single isoform 
of ShcA into HeLa cells was used to selectively reduce 
levels of that She revealing its role in the regulation of 



cell proliferation (Kisielow et al., 2002). Neurotrophin 
receptors and integrins (receptors for extracellular ma- 
trix molecules such as laminin) are often coupled to a 
ng path \ \ involving phosphatidylinositol 3-ki- 
nase and Akt kinase (Gary and Mattson. '2001 : Cheng et 
1 >( <> iii . — l ir i nil !k Hi ( sdbunitof 

phosphatidylinositol 3-kinase using siRNAs resulted in 
a marked decrease in the growth and tissue invasive- 
ness of tumor cells (Czauderna et al., 2003). Small mol- 
ecule inhibitors have been widely employed to study the 
functions of various protein kinases in cells. However, 
most such inhibitors are not ,-pecific and affect multiple 
kinases. RNAi has been successfully employed to un- 
equivocally establish the roles of specific kinases in sig- 
nal transduction processes.. For example, Irie and co- 
workers (Irie et al., 2002) demonstrated the ability to 
knockdown levels of .specific subtypes of protein kinase C 
in cultured human and rat cells in a species-specific 
manner. The existence of an extracellular system for the 
production of sphingosine- 1 -phosphate was demon- 
strated in a study in which siRNAs directed against the 
i - i ' 1 mi • i- o inhibit its 

production and export in cultured endothelial cells (An- 
cellin et al., 2002). 

Calcium plays important roles as an intracellular sig- 
nal that mediates a variety of responses of cells to envi- 
ronmental stimuli. Mechanisms for regulating levels of 
calcium in the cytoplasm are complex and involve move- 
ments of calcium ions across the plasma membrane, as 
well as into and out of endoplasmic reticulum and mito- 
chondria. A key role for inositol 1,4,5-trisphosphate 
(Iiy-mcdiated release of intracellular calcium in the 
maturation of mouse oocytes was demonstrated in which 
siRNAs against the IP 3 receptor-1 were injected into 
■ mu I i cl itaci oo< tes (Xu et al., 2003). The 
siRNAs reduced IP 3 receptor-1 levels by 90% and, fol- 
lowing insemination, blocked the intracellular calcium 
oscillations that play a critical role for the first steps in 
development. In another study, RNAi-mediated deple- 
tion of the endoplasmic reticulum calcium- ATPases re- 
sulted in lethality in C. elegans (Cho et al., 2000), dem- 
onstrating a pivotal role for calcium, uptake by this 
organelle in cell functions and survival. 

B. Cell Cycle Regulation 

Because of their fundamental importance for develop- 
ment, tissue homeostasis, and stem cell biology and 
their centrality to the field of cancer research, genes that 
regulate the cell cycle have been a prominent focus of 
studies that employ RNAi. Examples of the kinds of 
findings obtained using RNAi technologies to knock- 
down the expression of cell cycle genes are as follows. A 
requirement of the Mpsl kinase for the spindle assembly 
checkpoint was established, whereas a role for this ki- 
nase in centrosome duplication was ruled out (Stucke et 
al., 2002). A key role for a novel centrosomal protein 
called Cepl35 in microtubule organization was revealed 
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(Ohta et al., 2002), and a role for centrin-2 in centriole 
duplication was established (Salisbury et al., 2002). 
RNAi was used to show that the regulation of cell cycle 
progression in n spouse to mitogens is controlled by the 
cyelin-depondent kinase inhibitor p27 'Kip! (Boehm et 
al, 2002). Depletion of Plkl using siRNAs results in 
activation of cyclin B and inhibits centrosome amplifi- 

ition ii r i 1 - • 20S ci s i 
son, 2002). RNAi was used to show ihat the protein 
PRC 1 is a mierotubule-associated protein that facilitate* 
bundling of microtubules (Mollinari et al., 2002) and 
that the processes of centrosome separation and chro- 
mosome segregation require the phosphatase Cdcl4A in 
culture human cells (Mailand et al, 2002). Depletion of 
the origin recognition complex subunit ORC6 using 
RNAi resulted in cells with decreased DNA replication, 
multipolar spindles and aberrant mitosis (Prasanth et 
ah. 2002). A novel human protein called Speedy, ex- 
pressed only during the Gj/S phase of the cell cycle, was 
shown to enhance cell proliferation by enhancing the 
activity of Cdk2 (Porter et ah, 2002). 

C. Development 

The complex and remarkably rapid events that occur 
during development of the fertilized egg into an adult 
organism remain largely a mystery. There would app.-ar 
to be a great potential for RNAi technology to unravel 
the cellular and molecular events that regulate develop- 
mental processes. Methods for silencing single or multi- 
ple selected genes in developing embryos in vivo and 
stem cells in culture (see Section III.C.) are beginning to 
reveal the functions of specific proteins in developmen- 
tal processes. Nodal is a secreted factor that plays a key 
role in the formation and patterning of the mesoderm 
during gastrulation. RNAi was used to demonstrate that 
the transcriptional corepressor DRAP1 inhibits the 
transcription factor Foxl 11 d . . • ulatossi trial 
ing by Nodal during mouse embryogenesis (Iratni et ah, 
2002). Depletion of karyophorins «2 and «3 in cleavage 
stage porcine embryos revealed different requirements 
of these two proteins in embryogenesis (Cabot and 
Prather, 2003). In anot her study of embryogenesis, siR- 
NAs directed against the mRNAs encoding Oct-3/4 and 
c-mos resulted in depletion of the encoded proteins, and 
phenotypes similar to those observed in Oct-3/4 and 
c-mos knockout mice (Kim et ah, 2002). A key role for 
mierotubule-associated protein-2 in the regulation of 
dendrite outgrowth in developing brain neurons was 
demonstrated using siRNAs (Krichevsky and Kosik, 
2002). The transcription factor myc is known to play a 
fundamental role in the regulation of cell proliferation. 
A key role for the novel myc target gene mina53 in the 
regulation of cell proliferation by myc was demonstrated 
using RNAi technology (Tsuneoka et ah, 2002). 



D. Macromolcculur Synthesis and Degradation 
Regulated synthesis of nucleic acids, proteins, and 

lipids, and the turnover of those macromolecules is es- 
sential for coil survival mid functions. Although bio- 

( hi 111 l! 1 I'lK tn li SI I l \\ i 111 1 ii' ih if 

varioi s biosyiitheta > it i»\ - an< n< < 1 uiisn - fo the 
degradation of proteins and other macromolecules, the 
functioi , ( ' i < i ( i re nof 

well understot I i ' t 1 s > RNAi to 

advance the understanding of the regulation of macr o- 
molecular synthesis and degradation. For example, de- 
pletion of galactosyltransferase II using siRNAs re- 
vealed a critical role for this enzyme in the biosynthesis 
of the linkage region of glycosaminoglycans (Bai et ah, 

2001) . The regulation of the processing of RNAs tran- 
scribed from coding and noncoding regions of the ge- 
nome is an active area of invest^ lion beca ise of the 
recent realization of its importance m the regulation of 
gene expression. Mendel I and coworkers (Mendell et ah, 

2002) used RNAi to show that rentl/Upf 1 plays distinct 
roles in the regulation of splicing and decay of nonsense 
transcripts. Transfection of cultured HeLa and HepG2 
cells with siRNAs directed against the mRNA encoding 
the acyl-CoA binding protein resulted in cessation of cell 
proliferation, cell detachment, and death, demonstrat- 
ing that acyl-CoA binding protein is essential for cell 
survival (Faergeman and Knudsen, 2002). 

E. Cell Motility 

The migration of cells within and among tissues, and 
extensions of cells such as the axons and dendrites of 
neurons, is central to the structural and functional or- 
ganization of all tissues. Although there are a few phar- 
macological agents that have proven useful in studying 
cell motility (the actin-depolymerizing agent cytochala- 
sin D and the microtubule-stabilizing agent taxol, for 
example), a detailed understanding of the molecular 
regulation of cell motility is lacking. Recent studies have 
taken advantage of RNAi methods to elucidate roles for 
specific proteins in regulating cell motility. Depletion of 
the cytoskeletal linker protein trypanin using siRNAs 
resulted in a loss of directional cell motility in African 
trypanosom.es that is caused by impaired coordination of 
the flagellar beating (Hutchings et ah, 2002). The 
growth and guidance of axons in developing neurons is 
regulated by substrate-associated and soluble ligands 
encountered by the axonal growth cone. RNAi-mediated 
il i 1 1 1 t i * i 1 f i m t i ii in MIG-15 n 

suited in a dysregulation of commissural axon naviga- 
tion in C. elegans (Poinat et ah, 2002). RNAi has also 
shown that although actin binding protein 1 is essential 
for the processes of endocytosis, it is not necessary for 
lamellipodia formation in human embryonic kidney cells 
(Mise-Ornata et al, 2003). Membrane microdomains 
called lipid rafts and clathrin-associated domains are 
increasingly recognized as sites of signal transduction 
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and endocytosis in eukaryotic cells. Proteins critical for 
the function of the signaling and endocytic functions of 
these membrane domains are being identified using 
RNAi approaches. For example, RNAi methods were 
used to establish an essential role for a J-domain protein 
called auxilin in clathrin-mediated endocytosis in C. el- 
eguns (Greener et al., 2001). 

F. Cell Death 

In many Issues throughout (he body, cells have a 
finite life span and then undergo apoptosis, a form of 
programmed cell death in which the cell dies in a well 
controlled manner and is removed from the tissue with- 
out adversely affecting adjacent healthy cells. Apoptosis 
also plays a key role in sculpting the cellular structure of 
tissues during embryonic and postnatal development 
( Baehreeke, 2002). Of course, abnormal cell death is a 
major problem in a variety of diseases, including neuro- 
degenerative disorders such as Alzheimer's and Parkin- 
son's diseases, and ischemic vascular conditions (Matt- 
• 1 nsid ie | ogress is being made in 
understanding the molecular mechanisms that regulate 
cell death, with the goal of identifying key targets for 
therapeutic intervention. Drug development efforts 
have resulted in several exciting elassr,- of agents that 
either prevent the death of cells such as neurons, or 
induce selective death of cancer cells. For example, in- 
hibitors of the pro-apoptotic protein p53 (Duan et al., 
2002; Zhu et al., 2002) and caspases (Eldadah and Fa- 
den, 2000) are being developed for use in neurodegen- 
erative disorders. RNAi might be used in lieu or in 
combination with such drugs. 

RNAi has recently been employed to establish roles for 
specific genes in apoptotic and anti-apoptotic pathways. 
For example, a critical role for p738 in p53-mediated 
apoptosis was demonstrated by showing that depletion 
of p73<> using siRNA prevents cell death (Kartasheva et 
al., 2002). Depletion of the catalytic sublimit of DNA- 
dependent protein kinase using siRNAs increased the 
sensitivity of human fibroblasts to radiation-induced 
death because of an impaired ability to sense and repair 
the DNA damaged by the radiation (Peng et al, 2002). 
RNAi was used to establish a role for the calcium-bind- 
ing protein calreticulin in necrotic cell death in C. el- 
egans (Xu et al., 2001). Many cells express one or more 
inhibitor-of-apoptosis proteins (IAPs) that can prevent 
apoptosis by directly binding to and inhibiting caspases. 
RNAi was used to identify the serine protease Omi/ 
HtrA2 as a mammalian XIAP-binding protein that sen- 
sitizes cells to apoptosis (Martins et al., 2002). In a study 
of cell death in neurons, RNAi was used to show that 
myocyte enhancer factor 2A is required for activity-de- 
pendent cell survival (Gaudilliere et al., 2002). In an- 
other study, RNAi was used to deplete cells of apoptosis- 
inducing factor (AIF). thereby preventing apoptosis 
(Wang et al., 2002). 



Associations between expression of a gene and a par- 
ticular biological process are often taken as evidence for 
a major role for the protein encoded by that gene in that 
biological process. However, correlations do not estab- 
lish cause-effect relationships. A well known example of 
this fact is found n tl record of tuna |i< t ins • p 
tion factor NF-kB. Because NF-kB was shown to be 
activated in several different types of cells during the 
process of apoptosis, it was assumed that NF-kB func- 
tioned in the cell death process. However, subsequent 
studies in which NF-kB activity was selectively blocked 
revealed that this transcription (motor actually induced 
the expression of anti-apoptotic proteins and that cells 
died more readily when NF-kB function was blocked 
(Mattson and Camandola, 2001). Thus, in addition to 
revealing the function of a specific protein, RNAi can 
also be used to establish that a protein is not involved in 
a particular process 

G. Viral Invasion I Replication 

It is believed that endogenous RNAi mechanisms 
evolved, at least in part, to protect cells against infec- 
tious pathogens such as viruses. For example, by pro- 
ducing siRNAs directed against genes required for viral 
replication, the infected cells prevented propagation of 
the virus (Lindenbach and Rice, 2002). The d< velopment 
of RNAi technology has verified the importance of RNAi 
mechanisms in viral invasion and is revealing the un- 
derlying molecular interactions. Treatment of various 
types of cultured cells with siRNAs directed against both 
viral and cellular targets has revealed specific roles for 
the targeted proteins in the processes of viral invasion or 
replication. When cells were treated with siRNAs di- 
rected against the HIV-1 tat or reverse transcriptase 
genes, or against the NF-/<B p65 subunit of the host 
cells, the expression of these viral and cellular proteins 
were decreased and HIV-1 replication was inhibited, 
demonstrating the ability of RNA interference to eluci- 
date the biological roles of cellular and viral regulatory 
(actors involved in the control of HIV-1 gene expression 
(Surabhi and Gaynor, 2002). When human and mouse 
cells were pretreated with siRNAs to the poliovirus ge- 
nome, the replication of the virus in those cells was 
dramatically reduced (Gitlin et al., 2002). In another 
study it was shown that siRNAs can efficiently silence 
both cellular lamin AC and hepatitis C virus RNAs in 
Huh-7 hepatoma cell lines resulting in an 80-fold de- 
crease in HCV RNA within 4 days (Randall et al., 2003). 
The latter study further showed that the same siRNAs 
could be used to almost completely eliminate the virus 
from cells with an established infection. The expression 
of the human papilloma virus E6 and E7 genes was 
silenced resulting in the accumulation of cellular p53 
protein, transactivation of the cell cycle control p21 gene 
and reduced cell growth (Jiang and Milner, 2002). A 
final example of the use of RNAi in the discovery of 
mechanisms of viral infection is a study of hepatitis 
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delta virus (HDV) which uses a host-encoded RNA-edit- 
ing machinery to express two essential proteins from the 
same coding sequence (Wong and Lazinski, 2002). The 
authors employed siRNAs to deplete either a small or 
long form, or both forms, of an adenosine deaminase that 
acts on RNA (ADAR)l. They found that editing during 
viral replication was only inhibited when both forms of 
the enzyme were depleted, demonstrating a cooperative 
interaction between the short and long forms of ADAR1 
in viral replication. 

V. Therapeutic Applications of RNA Interference 

The most obvious clinical uses of RNAi are for dis- 
eases in which selective depletion of one or a few specific 
proteins would be expected to slow or halt the disease 
process in the affected cells. Ideally this would be accom- 
plished with no or tolerable side effects. Although there 
are candidate gene targets for many different diseases, 
we will focus on four different types of diseases that are 
very common and for which RNAi approaches are cur- 
rently being tested in preclinical studies. 

A. Cancel- 
There are two general abnormalities in cancer cells — 
they exhibit dysregulation of the cell cycle resulting in 
uncontrolled growth and they are resistant to death as a 
result of abnormalities in one or more proteins that 
mediate apoptosis (Nam and Parang, 2003). The goals 
for RNAi approaches for cancer therapy are therefore to 
knock out the expression of a cell cycle gene and/or an 
anti-apoptotic gene in the cancer cells thereby stopping 
tumor growth and killing the cancer cells. To selectively 
eliminate cancer cells without damaging normal cells, 
the RNAi would be targeted to a gene specifically in- 
volved in the growth or survival of the cancer cell, or the 
siRNAs would be selectively delivered into the cancer 
cells. 

For many years antisense oligodeoxynueleotide tech- 
nology was pursued in preclinical studies of cancer ther- 
apies but with discouraging results overall (Jansen and 
Zangemeister-Wittke, 2002). Recent studies have clearly 
demonstrated advantages of RNAi methods for the 
growth suppression and killing of cancer cells. In one 
study, siRNA was shown to be greater than an order of 
magnitude more potent than antisense DNA in sup- 
pressing gene expression in human hepatoma and pan- 
creatic cancer cell lines (Aoki et al,, 2003). In another 
study four different myeloid leukemia cell lines (HL-60, 
U937, THP-1, and K562) were transfected with dsRNA 
duplexes corresponding to the endogenous c-raf and 
bcl-2 genes (Cioca et al., 2003). Levels of Raf-1 and Bcl-2 
proteins were markedly decreased in each of the trans- 
fected cell lines; combined RNAi for c-raf and bcl-2 in- 
duced apoptosis in HL-60, U937, and THP-1 cells and 
increased their sensitivity to the DNA-damaging agent 
etoposide. Activation of tumor necrosis factor (TNF) re- 



ceptors and related death receptors can induce death of 
some cancer cells, but may simultaneously activate 
pathways that promote cell survival; one protein that 
inhibits the TNF cell death pathway is called FLIP 
fFi.K'E-like inhibitory protein). When FLIP expression 
was suppressed in cancer ceils using siRNAs. the ceils 
were more sensitive to being killed when death recept or* 
were activated (Siegmimcl et al., 2002). 

Viral vectors have also been used to express siRNAs 
and inhibit cancer cell growth and tumorogenieity. For 
example, a retroviral vector was used to specifically and 
st; hi\ nl at ( sp'e- ion , 4 (he oncogenic K-RAS(V12) 
allele in human tumor cells (Brummelkamp et al., 
2002b). Depletion of K-RAS< V12) resulted in loss of an- 
chorage-independent growth and tumorigenicity. In ad- 
dition to blocking the expression of normal janes that 
are required for cancer cell growth and survival, RNAi 
can be used to target specific canter-causing mutations. 
For example, dsRNA was employed to target the M- 
BCR/ABL fusion site to kill k ukemie cells with such a 
rearrangement (Wilda et al., 2002). Leukemic cells with- 
)U1 S< l/ABl ... mgemen t were not killed by M-BCR/ 
ABL-dsRNA. Several other studies have demonstrated 
efficacy of liposome-mediated or viral vector-mediated 
transection of cancer cells in suppressing their growth 
and/or inducing their death (Zhang et ah, 2002a). The 
next step in the development of RNAi technology for 
cancer therapy will be to establish methods for targeting 
tumor cells in vivo. Another approach might be to target 
genes that promote angiogenesis. Tumor cells require a 
rich supply of blood and achieve this by stimulating the 
process of angiogenesis; it may therefore be possible to 
inhibit tumor growth by targeting the vascular endothe- 
lial cells involved in angiogenesis. As evidence, it was 
shown that depletion of the crk adaptor protein using 
RNAi inhibited the migration of cultured vascular endo- 
thelial cells (Nagashima et al, 2002). 

B. Infectious Diseases 

Diseases caused by viruses and bacteria continue to be 
major causes of death worldwide and are an increasing 
concern because of the emergence of resistant strains 
and the potential use of infectious pathogens by terror- 
ists (Tan et al, 2000; Franz and Zajtchuk, 2002). Cur- 
rently, HIV infection has reached epidemic proportions 
in many African countries and also continues to be a 
major cause of morbidity and death among homosexuals 
and intravenous drug users. Other prominent infectious 
diseases include influenza, hepatitis, Lyme disease, and 
West Nile virus. Many deaths also result from bacterial 
infections, with pneumonia and sepsis being prominent 
examples. The ability of RNAi to inhibit the replication 
or cellular uptake of viruses and other infectious agents 
has been clearly demonstrated in cell culture sttidies 
and, therefore, holds promise for the treatment of hu- 
man patients. The ability of HIV-1 to infect cells and 
replicate can be severely compromised by targeting of 
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viral genes using siRNAs. Examples include the sup- 
pression of HIV- 1 replication in human cells transfected 
with siRNA directed against tat and the rev gene (Cap- 
odici et al, 2002; Jacque et al., 2002; Lee et al., 2002a; 
Novina et al., 2002). Transfection of human cells with 
siRNAs o.nHt-i a.n -t different genes in the poliovirus 
genome resulted in resistance of the cells to infection 
with poliovirus (Gitlin. et al., 2002). The ability of siR- 
NAs targeting < i nco ? the h receptor Fas 
to protect mice from liver failure and fibrosis in two 
models of autoimmune hepatitis was t ested bv Son;.- and 
colleagues (Song et al., 2003). Intravenous injection of 
Fas siRNA specifically reduced Fas protein levels in the 
livers of mice during a 10-day period. Fas siRNA treat- 
ment abrogated hepatocyte necrosis and inflammatory 
infiltration and markedly reduced serum concentrations 
of transaminases demonstrating a clear hepatoprotec- 
tive effect of the siRXA therapy. 

C. Cardiovascular and Cerebrovascular Diseases 
Cardiovascular disease is the leading cause of death in 

the United States and many other industrialized coun- 
tries. It most commonly results from the progressive 
occlusion of arteries in a process called atherosclerosis, 
which can ultimately culminate in a myocardial infarc- 
tion or stroke. Atherosclerosis involves damage to vas- 
cular endothelial cells, local production of inflammatory 
cytokines, and the recruitment of macrophages to the 
site forming foam cells; in addition, apoptosis of foam 
cells and vascular smooth muscle cells occurs (Geng and 
Libby, 2002). The severe ischemia that occurs in heart or 
brain cells during a myocardial infarction or stroke re- 
sults in the death of cardiac muscle cells or neurons. 
Although some of the cells die rapidly by necrosis, many 
other cells die more slowly by apoptosis; data from ani- 
mal studies suggest that such cardiac myocytes and 
brain neurons that die by apoptosis can be saved (Matt- 
son et al., 2000; Zhao and. Vinten-Johansen, 2002). 

It may be possible to use RNAi technology to intervene 
in the process of atherosclerosis or to reduce the damage 
to heart tissue and brain cells that patients suffer fol- 
lowing a myocardial infarction or stroke. A key step in 
the process of atherosclerosis is the up-regulation of cell 
adhesion molecules in vascular endothelial cells, which 
play an essential role in the recruitment of macrophages 
to the site of endothelial damage. The production of cell 
adhesion molecules can be selectively suppressed in cul- 
tured cells (Jarad et al., 2002). In another study relevant 
oth ["'H,. <_n sis t ith« iscl i- it was hown hat 
mevastatin, an inhibitor of cholesterol synthesis, sup- 
presses cell proliferation by inhibit 'it ( U'nl 
kiuase-2 (Ukomadu and Dutta, 2003). 

D. Neurodegenerative Disorders 

Alzheimer's disease, Parkinson's disease, Hunting- 
ton's disease, and amyotrophic lateral sclerosis are ex- 
amples of relatively common age-related neurodegen- 



erative disorders that are increasing as average life 
expectancy increases. Each disorder is characterized by 
the dysfunction and death of specific populations of neu- 
rons: hippocampa) and cortical neurons involved in 
learning and memory processes in Alzheimer's disease, 
dopai n i ne-producing neurons in the substantia nigra 
that control body movements in Parkinson's disease, 
and spinal cord motor neurons in amyotrophic lateral, 
sol s. Specific gen i t i resp sil foi 

a small percentage of cases of Alzheimer's and Parkin- 
son',-, disease and amyotrophic lateral sclerosis (Hardy, 
2001 '. whereas all canes of Huntington's disease result 
from mutations ''polyelutamme expansions) in the hun- 
tingtin protein (Rubinsztein, 2002). Studies of pat ient s, 
and of animal and cell culture models of each disease, 
have reveal I'd shared biochemical en sondes that result in 
neuronal death. Those cascades include increased oxida- 
tive stress, dysregulation of cellular calcium homeosta- 
sis and apoptosis (Mattson, 2000). There have therefore 
been tw( different strategies oi rrevent tivi nd ther- 
apeutic interventions in neurodegenerative disorders. 
One strategy i i I l t 1 > pecific events I 

are believed to initiate the neurodegenerative process, 
whereas the second strategy targets downstream events 
in the neurodegenerative cascade. For example, an ab- 
normality in the proteolytic processing of the amyloid 
precursor protein is believed to be a key early event in 
Alzheimer's disease pathogenesis, and two enzymes 
called /J- and y-secretases that are responsible for cleav- 
ing of amyloid precursor protein to generate the neuro- 
toxic amyloid /J-peptide are being targeted for drug de- 
velopment. RNAi has recently been used to identify 
additional proteins, such as APH-1, that are critical for 
production of amyloid ^-peptide (Lee et al., 2002b). 
I nsti it ts iclude j ' < invoh eel in the 
production of reactive oxygen species, in the regulation 
of calcium homeostasis, and in the process of apoptosis 
(Mattson, 2000, 2003). 

Recent studies have shown that cultured neurons can 
be efficiently transfected with siRNAs and that the tar- 
geted genes are effectively silenced. In one study it was 
shown that cultured neurons can be depleted of the p75 
neurotrophin receptor, a protein in the TNF receptor 
family that has been implicated in neuronal, apoptosis in 
certain settings (Higuchi et al, 2003). Pro-apoptotic 
members of the Bcl-2 family (Colussi et al., 2000) and 
caspases (Quinn et al., 2000) have been effectively tar- 
geted and neuronal death prevented, using RNAi meth- 
ods. Caplen and colleagues (Caplen et al., 2002) per- 
formed studies aimed at determining whether RNAi 
could be used to target the pathogenic process in inher- 
ited neurodegenerative disorders caused by polyglu- 
tamine expansions. They used Drosophila and human 
tissue culture models of spinobulbar muscular atrophy, 
a disease caused by GAG expansions in the gene encod- 
ing the androgen receptor. They assessed the abilities of 
different siRNAs to selectively inhibit expression of 
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Potential Therapeutic Targets of RNAi 

Cell Cycle Proteins (1, 3) 
Anti-Apoptotic Proteins (1) 
Apoptotic Proteins (2, 3, 4, 5) 
Ligands/receptors/signaling (1, 2, 3, 4, 5, 6) 
Oxidative Stress-Related Proteins (1, 2, 3, 5) 
Inflammation (2, 3, 5) 
Pathogen-Specific Genes (4) 
Gain-of-Function Mutations (1, 2, 3, 5) 

1. Cancer 

2. Cardiovascular disease 

3. Neurodegenerative disorders 

4. Infectious diseases 

5. Autoimmune disorders 

6. Obesity/diabetes 

i t 1 ii i i 1 R N Vi in i « die ii Tin 

abU.lv lo target, a -peeific gent or jrcncs using siKNAs or vector-mediated 
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and downstream signal |.n.ii.-du<:li»» proaans critical for a specific dis- 
ease process might also be targeted. For example, it might be possible to 
suppress tin appetila of obese patu at- by i.argeting neuropeptide Y- or 
Ii i pi it lii I R\ i pn ,e v n (,. i h il 

i ill it i i 1 1 1 oxidative li raid n a u 

eases. Viral and bacterial genes are obvious targets for KNAi -based 



transcripts that included a trunc tted hi man androgen 

receptoi cn< V< . I i 

(16-112 repeats). They found that RNA duplexes con- 
taining CAG repeat tracts only induced gone-specific 
inhibition when flanking androgen receptor sequences 
were included. Sequence-specific small dsRNAs of 22 
nucleotides rescued the toxicity and caspase-3 activation 
induced by plasmids expressing a transcript encoding an 
expanded polyglutamine tract. Thus, it is possible, at 
least in cell culture, to selectively silence a transcript 
associated with an important group of genetic diseases 
by RNAi. 

Several aspects of neuronal cell biology provide oppor- 
tunities for novel uses of RNA. Neurons possess complex 
morphologies with long axons and dendrites, and syn- 
apses that are often located at considerable distances 
from the cell body (for example, the presynaptic termi- 
nals of the axons of the lower motor neurons that inner- 
vate muscles in the foot in humans can be more than a 
meter from their cell bodies in the spinal cord). Recent 



in i v - n g( vt that the neurodegenerative cascades 
that occur in different neurodegenerative disorders may 
be activated first in synapses. Indeed, it has been shown 
that apoptotic biochemical cascade* can be activated in 
synapses causing their degeneration (Mattson et al., 
199hb Accordingly, pharmacological agents ip53 and 
caspase inhibitors; Glazner et al., 2000; Gilman et al., 
2003) and antisense treatments (Par-4 antisense; Duan 
et al, 199! that tart t popti • < cade; 1 tvi beet 
shown to protect synapses in cell culture models of neu- 
rodegenerative disorder.-. RNAi technology would seem 
to be an ideal approach to target synaptic proteins in- 
volved in the pathogenesis of neurodegenerative disor- 
ders. 

VI. The Future of RNA Interference in Biology 
and Medicine 

Even at this early stage of understanding the molec- 
ular mechanisms of RNAi and in the development of 
methods for the use of RNAi technology for selective 
ene s it t r that RNAi a b idely used 

tool for establishing the functions of genes. The ability to 
selectively deplete a single protein of interest in cultured 
cells using siRNAs, and plasmids and viral vectors, is 
now established. Improvements on the currently avail- 
able protocols for RNAi are being made, and the meth- 
ods are being applied by thousands of investigators in 
diverse fields. With the advent of these methods has 
come an explosion of studies that have employed RNAi. 
indeed, although there were only nine publications 
listed on Medline in. the years 1987 through 1998 inclu- 
sive, there are 631 listed from 1999 to the lime of writing 
of this article. The current status of RNAi as an exper- 
imental tool is such that many investigators are now 
aware of the technology, but most have not yet imple- 
mented it in their own studies. The development of 
RNAi kits by several companies will facilitate the imple- 
mentation of RNAi methods by essentially any investi- 
gator, regardless of their knowledge of RNAi mecha- 
nisms. However, major hurdles remain to be crossed, 
including the application of RNAi methods to in vivo 
studies. Once it becomes possible to reliably target a 
specific gene and deplete the protein encoded by that 
gene from one or all cell types in an organism, a wealth 
of information will flow from studies of processes rang- 
ing from embryogenesis to the function of organ sys- 
tems. 

As for uses of RN Ai in medicine, its potential remains 
to be established. The application of gene therapy ap- 
proaches for the treatment of specific diseases has pro- 
gressed much more slowly than initially anticipated. 
There are, of course, many potential gene targets for 
therapeutic intervention using RNAi (Fig. 4). Studies 
that employ RNAi to counteract a disease process in vivo 
are emerging. For example, RNAi that targeted the Fas 
gene (Song et al, 2003) or the hepatitis C virus genome 
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(Wilson et al., 2003) protected mice from hepatitis. One 
might expect that the next demonstrations of successful 
treatment of disease in mice will come from models of 
cancer and neurodegenerative disorders. Because' of the 
potential of RNAi for therapeutic intervention, major 
efforts .should be placed on preclinical studies using this 
technology. 
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INTRODUCTION gene silencing [PTGSJ/RNA inlcrfcrcnce [RNAiJ). .Although 

novel »ene r-t"uhtorv mchinism tint therc ,s a mechanistic connection between TGS and PTGS, 
evelVcH^ TGS is an cmcr S in - e fic,d while PTGS IS undergoing an cx P k> 

sion in its iniormation content. Here, we have limited our 
discussion to PTGS. RNAi-related phenomena. 

Pioneering observations on PTGS/RNAi were reported in 
plants, but later on RNAi-related events were described in 
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(transcriptional gene silencing [TGS]) or by activating a se- 
quence-specific RNA degradation process ( post transcriptional 
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. hukaryotic organisms exhibiting RNAi-rclalcd phenomena 




Kingdom 


Species 


, lage teste 


e ivcry met io 


Reference(s) 


rotozoans 


rypanosoma brucei 


Procyclic forms 


Transfection 








Blood stage 


Electroporation and soaking 


143, 150 






Mature forms in fibroblast 


Transfection 








Mature form 


'1 ransfection and feeding 










Tried but not working 


183 




mseegans 


Larval stage and adult stage 


Transfection. feeding bacteria 


>, 








carrying dsRNA. soaking 






( nonorhtilnlilis bri^sae 


Adult 


Injection 


79 






Adult worm 


Soaking 






Schistosoma inansoni 


Adult y 












I (elivered by mieropipette 


40 




Planaria 




nVectSt 






i Minion «!«!»<//( v (snail) 


Adult 


122 




Drowphilu iiioUinogusler 


< ell lines, adult, embryo 


Injeetion i'oi ailuh and embrvonie 


96. 114, 155 








for cell lines" 8 <i,Ui tranilu ' t,0n 






Cy -hrrph m (fly) 


1 u i u In ii 1 i 




200 




Milkweed hug 




In'ection 


102 




Beetle 


I .ally embryonic stapes 


b! i \ 


27 














Spoilontcra fntyjpcrda 


Adult and eell line 


1 eccbon ii'i o I ,m 


176, 215 






Embryo 


Microinjection 
















^nojms aevis 


Prenatal, embryonic stages, and adult 


Injecdon 


31. 229 




Humans 


Human cell lines 




42 


Plants 


Monocots/dicots 


Plant 


Particle bombardment with 


88 








siRNAAransgenics 






\oiiro\ptira cntssn 


Filamentous fungi 




51 




Schizosacctuiroimces pombo 






178 




IMayom bum disouidoum 




I'lansgenc 


147 




C hlamydomoiuis rc'mhardlii 




Transfection 


251 



plants, quelling m fungi, and RNAi m the animal kingdom, 
have been described. More recently, micro-RNA formation, 
heterochramatinization, etc., have been revealed as other fac- 
ets of naturally occurring RNAi processes of eukaryotic cells. 

During the occurrence of RNAi/FTGS. double-stranded 
RNA (dsRNA) inoleciiles, which cleave the inducer molecules 
into smaller pieces first ( 16) and eventually destroy the cellular 
or viral cognate mRNA molecules (called the target) (17) act 
as inducers or activators of this process. As a resuli. the direct 
mRNAs cannot accumulate in the cytosol, although they re- 
main detectable by nuclear run-on assays (73). In certain in- 
stances, the DNA expressing the target mRNA also undergoes 
methylation as a by-product of the degradation process (226). 

The natural functions of RNAi and its related processes 
seem to be protection of the genome against invasion by mo- 
bile genetic elements ,ti hasviru »s nd transposons as well as 
orchestrated functioning of the developmental programs of 
eukaryotic organisms. There are several excellent recent re- 
views which dead with different aspects of RNAi separately (95, 
191). Here, we have put together the various aspects of the 
RNAi process known to date, identified the mechanistic simi- 
larities and differences operating in various forms of eukaryotic 
life, and focused on the experimental results that have led to 
conceptual advancements in this Held. 



UNRAVELING RNA SILENCING 

In order to understand the process of homology-dependent 
RNA silencing, it. would be prudent to overview the process 
itself and describe its important features. In the later part of 
ihis review, the genetics, biochemistry, and potential therapeu- 
tic applications of the process will be dealt with. 

PTGS in Plants 

In plants, the RNA silencing story unfolded screndipitously 
during a search for transgenic petunia flowers that were ex- 
pected to be more purple. In 1990, R. Jorgcnsen's laboratory 
wanted to upregulate the activity of a gene for ehalcone syn- 
thase (chsA ), an enzyme involved in the production of antho- 

i pi i * s 1 i ,si on i 1 1 s c ii ii 
plants harboring the chsA coding region under the control of a 
35S promoter lost both endogene and transgene ehalcone syn- 
thase activity, and thus many of the (lowers were variegated or 
developed white sectors (163). The loss of cytosolic chsA 
mRNA was not associated with reduced transcription, as dem- 
onstrated by run-on transcription tests in isolated nuclei (216). 
Jorgensen coined the term cosuppression to describe the loss 
of mRNAs of both the endo- and the transgene. 
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Around the same time, two other laboratories (1.05, 217) 
also reported thai introduction of tin transi. nbing-m use ttans-. 
gencs could do 1 mi e tl pi h n >l homologous en- 
dogenous genes. Subsequently, many similar events of cosup- 
pressiori were reported in the literature. All cases of 
eosuppression resulted in the degradation of endogene and 
tin urn UN ate nud. i H s,,]j i 1 occurred 
(120) Since p ttran iptiot 1 RNA i dation was ol 
served in a wide range of transgenics expressing the plant, 
bacterial, or viral sequences, it was rcehrWtcncd post transcrip- 
tional gene silencing (P'l'GS). PTGS could be initiated not only 
by sense transgenes but also by antisense transgenes. and bio- 
chemical evidence suggests that similar mechanisms might op- 
erate in both cases (SI). It is worthwhile to point out that 
although the eosuppression phenomenon was originally ob- 
served m plants, n is not restrk led to plant-- ,uul lias also been 
demonstrated in mcta/.oans and mammals (98). 

In keeping with the times, the observed alterations in the 
P F( rS-i elated phenoivpes were attributed to multiple-site in- 
tegrations, aberrant RNA formations, rental structures of the 
transgenes. etc, hater on, it became clear that the expression of 
the transgene led to the formation of dsRNA, which, in turn, 
initiated PTGS. For example, in the case o? cosuppressed pe- 
tunia plants. ciisA mRNA formed a partial duplex, since there 
are regit is ol li < p n it nt til tween chs 1 3' 
coding region and its 5' untranslated region (154). Phis was 
revealed by DNA sequence analysis and experimental detec- 
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the duplex conformatioi Vei cent it w i ported that the 
expression of self-cRNA of plum pox virus under the control of 
TO/C promoter caused degradation of transgenic viral RNA and 
as a result, the systemic disease resistance to challenge inocu- 
lum of plum pox virus occurred with a high frequency in trans- 
genic Niconana bentliamiana (170). This evidence points out 
that the production of dsRNA is required to initiate PTGS in 
plants. Based on this, plants carrying strongly transcribing 
transgenes in both the sense and anlisense orientations are 
current h being produced that show strong PTGS features. 
These transgenic plants can silence endogene, invading viral 
RNA, or unwanted foreign am s in , sequ tct spccili d 
heritable manner. 

Generally, the sense and antisense components of the 
above-mentioned transgenes are separated only by an intron to 
increase the efficacy of PTGS (43, 198). For example, Arabi- 
dopsis [Indiana and l.\roptrsicon esailmtuin (tomato) plants 
were transformed with a transgene construct designed to gen- 
crate self-complementary iaaM and ipt transcripts. iaaM and 
ipi are oncogenes of agrobacieria that are responsible for 



crown gall formation in infected plants. The transgenic lines 
retail cd susceptibility to Agrobai uriwu Iran-formation but 
were highly refractory to lumorigeiicxis. providing functional 
resistance to crown gall disease by posttranscriptional degra- 
dation of the iaaM and ipi transcripts (73). 

Quelling and RNAi 

While reports of PTGS in plants were piling up, homology- 
dependent gene silencing phenomena were also observed in- 
dependently in fungal systems. ! hese events were called quell- 
ing. Quelling came to light during attempts to boost the 
production of an orange pigment made by the gene all of the 
fungus Ncuros/iora crussa (50). An N. eras so strain containing a 
wild-tvpe id I ' gene (orange pheuotype ) was transformed with 
a plasmid c ntaimng a 1,500-bp fragment of the coding se- 
quence of the all gene. A few transformanis were stably 
quelled and showed albino phenotypes. In the (///-quelled 
strain, the level of unspliced all mRNA was similar to that of 
the wild-type strain, whereas the native all mRNA was highly- 
reduced, indicating that quelling and not the rate of transcrip- 
tion affected the level of mature mRNA in a homology-depen- 
dent manner. 

The phenomenon of RNAI first came into the limelight 
following the discovery by Fire et al. (78), who unequivocally 
demonstrated the biochemical nature of inducers in acne si- 
lencing by introducing purified d-KNA directly into the body 
of CwnorhobJiih dentins. 'The investigators injected dsRNA 
corresponding to a 742-m.ielcoik.e segment of unc.22 into ei- 
ther the gonad oi body cavity region of an adult nematode. 
imc22 encodes an abundant but nonessential myofilament pro- 
tein, and tin decrease in niic22 activity is supposed to produce 
an increasingly severe twitching phenotype. The injected ani- 
mal showed weak twitching, w tereas the progeny individuals 
were strong twitcliers. The investigators showed that similar 
ioss-of-function individuals could also be generated with dsR- 
NAs corresponding to four other nematode genes. The phe- 
notypes produced by interference by various dsRNAs were 
extremely specific. 

This experiment paved the way for easy production of null 
mutants, and the process of silencing a functional gene by 
exogenous application of dsRNA was termed RNA interfer- 
ence (RNAi). RNAi in <*'. ekf>am was also initiated simply by 
soaking the worms in a solution containing dsKN \s or hv 
feeding the worms ICschcricliiu coli organisms that expressed 
the dsRNAs (209), This is a very potent method, requiring only 
catalytic amounts of dsRNA per cell to silence gene expres- 
sion. The silencing spread not only from the gut of the worm to 
she remainder of the body, but .also through the germ line to 
several generations, fhese phenomena of RNAi have also 
been demonstrated to occur in Drosophila melanogaster and 
many other invertebrates and vertebrates. 

Insights from Virus-Infected Plants 
(Virus-Induced Gene Silencing) 

Besides the processes mentioned above, limnology-driven 
RNA degradation also occurs during the growth of viral ge- 
nomes in infected plants (73). Viruses can be either the source, 
the target, or both the source ami the target of silencing. PTGS 
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mediated by virtue* can occur with RNA viruses, which repli- 
cate in Ihi. cytoptasm. nd aKn with: DNA \uuscw which rep- 
licate in the nuweus (7! ). As early as in the 1920s, it was known 
that plant.-, could be piolcctcd Irons a severe \irus hy prior 
infection with . ,kW , clov tel. I wuis Although 
the mechanism ( .f such cross protection in plants remained 
unknown for a long time, such phenomena could be explained 
partly in terms of PTGS that could be induced by the mild 
strain and targeted later against the virulent viral genome. It 
was also found that transforming plants with virus-derived 
transgenes gave protection against the challenge viruses even 
when no transgenic protein was produced (132). 

Analyses of these virus-resistant plants revealed that the 
transgenes wen highly transcribed in the nucleus, whereas the 
steady-state leu of cytoplasmic mRNA was very low. Further 
analysis suggested that some of the transgenic mRNA mole- 
cules assumed d c conformation ol dsRNA, which triggered 
sequence-specific degr ulalion of sell and other homologous or 
cRNA sequences in the cytoplasm. Tims, in the virus-resistant 
lines, not only the trarsgene rnRNAs but. also the mRNA from 
the homologous endogenous gene and the invading viral RNA 
(with homology to the transgenic) were degraded. 

Another form of virus-induced gene silencing is the phe- 
nomenon of viral recovery itself. When Bnnskti napus was 
inoculated with cauliflower mosaic virus (a DN A virus), lesions 
at the site of virus entry were visible 5 to 7 days postinocula- 
tion. Symptoms of systemic infections were apparent by I (J to 
14 days postino.. ulation. Symptoms were most prominent at 30 
to -til da i ulation 1 dt ued i aft r (u 

plants recovered), with the newly emergent leaves remaining 
asymptomatic at 50 days post inoculation (5). 

Insure i diagi ammai ically illustrates the yvstemik spread of 
RNAi in plants. Such recover}' occurred by a PTGS-like mech- 
anism because b-'S and >:\S RNAs encoded by the cauliflower 
mosaic virus were degraded while cauliflower mosaic virus 
DNA was still replicating in the nucleus, induction of PTGS 
was visualized if the cauliflower mosaic vino infection and 
subsequent recovery were followed up in a transgenic B. napus 
expressing a p35S-Gl.-S ( ^-glucuronidase ) transgenic. At the 
site of im iculaiion. ( it ;S silencing associated with local lesions 
was first observed 7 days post inoculation. CiUS silencing even- 
tually spread syoenucaev. and the (il : S activity of the entire 
plant was suppressed by 50 days postiuoculation. In this par- 
ticular example, cauliflower mosaic virus acted as the inducer 
of PTGS for the transgenes sharing homology with the virus 
within the transcribed region. I lowever. the virus itself was also 
the target of the induced PTGS. since PAS and 35S RNAs were 
found degraded. 

A similar example til virus- induced gene silencing was found 
when Nicotiaim devchmdii was infected with an RNA nepovi- 
rus, tomato black ring virus (179). RNA viruses make abun- 
dant dsRNA diii i ■ ii i 
and thus elicit cellular PTGS degradative activity. Virus-in- 
duced gene silencing also occurs with viruses that do not un- 
dergo recovery. When a DNA gcrnimvirus, tomato golden mo- 
saic virus (TGMV), infected A. bauluiniitiini , a high level of 
viral DNA replication in the nucleus and accumulation of viral 
RNA in the cytoplasm occurred. An infection In a recombi- 
nant TGMV carrying the coding sequence of the sulfur (su) 
gene of the host plant in either the sense or antiscmse orien- 
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RNAi and subsequent viral recovery In plants. Green and red indicate 
the presence and loss of OFP fluorescence, respectively, and orange 



tation led to the bleaching of waves due to PTGS of the 
endogenous su gene, but the DN A of the recombinant did not 
fail to replicate (117). Here, TGMV acted as an inducer ol 
PTGS but was not itself a target of PTGS. Thus, plant viruses 
elicit PTGS but sometimes can escape the degradative PTGS 
activity. 

Based on the principles of virus-induced gene silencing, vec- 
tors designed with the genome sequence of RNA viruses to- 
bacco mosaic virus, potato virus X. and tobacco rattle virus are 
being widely used to knock down the expression of host genes. 
The characteristics of many plant genes were revealed by ob- 
serving the i(i I p innges v he 
the recombinant vectors incorporating die concerned hos; 
genes were introduced into plants (136). Of those vectors, the 
I RV-buscd arc more promising because these are capable of 
incluctng-merisleniatic gene silencing, vouch lias not been pos- 
sible to achieve with other RNA virus-based vectors. Mens- 
tematic gene silencing employing TGMV vectors has also been 
reported (173). Thus, virus-induced gene silcncing-based tech- 
niques are extremely useful for studies related to functional 
genomics in plants. 

IMPORTANT FEATURES OF RNA SILENCING 

Independently of one another, investigations on diverse or- 
ganisms, labeled variously as P ft >S in plants. RNAi in animals, 
quelling in fungi, and virus-induced gene silencing, have con- 
verged on a universal paradigm of gene regulation. The critical 
common component-, of the paradigm are that (i) the inducer 
is the dsRNA, (ii) the target RNA is degraded in a homology- 
dependent fashion, and, as we will sec later, (iii) the degrada- 



Vol. 67. 2003 



RNA INTI.RH RI.NC I N,\ 



live machinery requires a set of proteins which are similar in 
structure Mid function across most organisms, in most of these 
processes, certain invariant features are observed, including 
the formation oi small interfering RNA (si RNA) and the or- 
ganism-specific systemic transmission of silencing from its site 
of initiation. 

si RNA 

The key insight in the process of PTGS was provided from 
the experiments of Baulcomhe and Hamilton (02). who iden- 
tified the product of RN A degradation as a small RNA species 
(siRNA) of * ; 25 nucleotides of both sense anil antisense po- 
larity. siRNAs are formed and accumulate as double-stranded 
RNA molecule-, of defined chcrnica -truetnres, as mentioned 
later. siRNAs were detected first in plants undergoing cither 
cosupprcsMon or virus-induced gene silencing and wciv not 
detectable in control plants that were not silenced. siRNAs 
were subsequently discovered in Drosophila tissue culture cells 
in which RNAi was induced In introducing •500-nuclcotidc- 
long exogenous dsRNA (96). in Drosophila embryo extracts 
that were carrying out RNAi in vitro (240), and also in Dro- 
sophila embryos that were injected with dsRNA (236). Thus, 
the generation of si RNA (21 to 25 nucleotides) turned out to 
be the signature of any homology-dependent RNA-silencing 

The siRNAs resemble breakdown products of an E. colt 
RNasc Ill-like digestion (13). In particular, each strand of 
siRNA has 5 '-phosphate and 3' -hydroxy! termini and 1- io 
i i k ( hi 1 1 1 i I s st u I itii nh i d 

siRNAs can, in turn, induce specific RNA degradation when 
added exogenously to Drosophila cell extracts (69). Specific 
inhibition of gene expression by these siRN \s has also been 
observed m many invertebrate and .some vertebrate systems 
(67). Recently. Schwarz et ah (18b) provided direct biochem- 
ical evidence that the siRNAs could act as guide RNAs for 
cognate mRNA degradation. 

Amplification and Systemic Transmission 

Resides the formation of siRNAs. another intriguing char- 
in i ist . f homolog; lepei cut .si k -in i til i 
inducer dsRNA molecules do not act sioiclnometnc.iily. It was 
estimated that only two molecules oj 3-.RNA per cell were able 
to induce RNAi of an abundantly expressed (7. r/7y<//i,s gene 
such as unc22. In another report, injection of dsRNA into the 
intestine of a 1 7 c/egmo herniaphiyiditc rtvuerated RNAi, 
which could be stably inherited to the b , generation. These two 
findings led to the proposal that RNAi signals could be sys- 
temic and ampiihable in nature (78). The similar systemic 
effects of RNAi have alsi beet monstr; li ic planarian 
Schmidwa ineditcminea and the cniciarian Hydra magnipapih 
lata (140). 

Similar evidence is also available for plant PTGS. The new 
tissues gi i inj fi mi td lk \ re - i >raflcd onto a 
(it S-silcncecl rootsti low | o o ncing of GUS 
expression (168). The silencing signal seems to spread by a 
nonmetabolic. gene-specific diffusible signal, which travels 
both between cells, through pkismadcsmata. and long dis- 
tances via the phloem ( 75). In the ease of virus-induced gene 



silencing, the systemic chat titter has also been revealed (185). 
To account for the eerie specificity of a .ystcmic signal, it has 
been proposed that the signal could be an RNA molecule 
(228). However, such p»occsses are not. universal, as these are 
not found in flies and mammals. 

COMPONENTS OF GENE SILENCING 

Roth genetic and biochemical approaches have been under- 
taken to understand the basis of silencing. Genetic screens 
were carried out m the fungus \vumspora crassa, the alga 
Chlainvdomonas rcinhanha. the nematode (awiiorhahditis el- 
egaiis, and the plant , i. ilmlu'iia to search for mutants defective 
in quelling, RNA interference, or PTGS. Analyses of these 
mutants led to the identification of host-encoded proteins in- 
volved in gene Silencing and also revealed that a number of 
essential enzymes or factors are common to these processes. 
Some of the components identified serve as initiators, while 
others serve as effectors, amplifiers, and transmitters of the 
gene silencing process. In the years io come, many other com- 
ponents as well as their interrelations will be revealed. Here, 
we outline what is known so far. 

Dicer 

RNasc 1 11 family members are among the few nucleases that 
show specificity for dsRNAs (.164) and cleave them with 3' 
overhangs of 2 to 3 nucleotides and 5'-phospliale and 3'-hy- 
droxyi termini (69). Bernstein et al. (17) identified an RNasc 
Ill-like enzyme in i roisopddia extract winch was shown to have 
the ability to produce fragments of 22 nucleosides, similar to 
the size produced during RNAi. flics*, aulhors showed that 
this enzyme is invoked in the initiation of RNAi. Owing to its 
ability to digest dsRNA into uniformly sized small RNAs 
(siRNA), this enzyme was named Dicer (OCR). These nucle- 
ases are cvolutionarily conserved in worms, flies, fungi, plants, 
and mammals. Dicer has lour distinct domains: an aniino- 
terrn il hen tse i man iual I Nase ill n , fs dsRN 
binding domain, and a PAZ domain (a 1 lir-atmno-acid domain 
present in proteins like fiwi, Argo. and Zwillc/Pinhead), which 
it shares with the RD1 I ( )Df 7 \i gonaule family of proteins 
thai has been genetically linked to RNAI by independent stud- 
ies (34. 203). Cleavage by Dicer is thought to be catalyzed by its 
tandem RNasc III domains. Some DCR proteins, including the 
one I n mi /), uiehuioeaster. contain an A I P-binding motif along 
with the DEAD box RNA heliease domain. 

The predicted C. elegans Dicer homologue, K12H4.8, was 
referred as DCR] because it was demonstrated to be the func- 
tional ortholog of trie Dmsopiiiia Dicer protein (173). The 
8,165-bp DCR! protein has a domain structure similar to that 
of the Drosophila Dicer protein, dad mutants of (7 elegit ns 
I defects in RNA u pres it no 

effect on the RNAi response of somatic genes. These mutants 
were found to be sterile, suggesting the important role of this 
gene in germ line development apart from RNAi t 1 19). CAP ! 
has been identified as a 1 ticer homoiogue in.-!, rhalicuui, but it 
is not involved in PTGS activity. The structure of ( API shows 
the picsencc of the four distinct domain-, that 'acre identified 
in the Drosophila Dicer protein (17, 36. 108). Dicer homo- 
logues from many different sources have been identified; some 
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recombinant Dicers have also been examined in vitro, and 
plnlogeiktic analysis < the known I )icer-iikc proteins indi- 
cates a common ancestry of these proteins (S3i. 

Complete digestion by RNase ifi enzyme results in dsRNA 
fragments of 12 to 15 bp, half the size of siRNAs (235). The 
RNase III enzyme acts as a dimer and thus digests dsRNA with 
the help of two compound catalytic centers, whereas each 
monomer of the Dicer enzyme possesses two catalytic do- 
mains, with one of them deviating from the consensus catalytic 

Recently, the crystal structure of the RNase III catalytic 
domain was solved, and litis led to the mode! for generation of 
23- to 28-mcr diced siRNA products (20). In this model, the 
dimeric Dicer folds on the dsRNA substrate to produce four 
compound catalytic sites so that the two terminal sites having 
the maximum homology with the consensus RNase III catalytic 
sequence remain active, w hile the other two internal sites hear- 
ing partial homology lose lunetional significance. Tim-, the 
diced products appear as the limit digests of the RNase 111 
enzymes and are double die size ol the normal 12- to 15-mcr 
fragments. Such a model also predicts that certain changes in 
Dicer structure might modify the spacing between the two 
ac ive terminal N 1 i 

bearing species-specific imprints (98). Clearly, the crystal struc- 
ture of Dicer is necessary to authenticate this model. 

Guide RNAs and RNA-lnduced Silencing Complex 

I inmmond et al. (%) determined that the endogenous genes 
of Drosophila S2 cells could be targeted in a sequence-specific 
manner In transfcclion with dsRNA, ami loss of-function pltc- 
notypes were ci i d ii cultui 1 />/•. '»/ lis flic inability 
of cellular extracts (rented with a ( a ' ' -dependent nuclease 
(micrococcal nuclease, which can degrade both DNA and 
RNA) to degrade the cognate mRNAs and the absence of this 
. », i D\ I tu met r showed that RNA was an es- 
sential component of the nuclease activity. The sequence-spe- 
cific nuclease activity observed in the cellular extracts respon- 
sible for ablating target mRNAs was termed the RNA-induced 
silencing, complex (RISC) (%). 

After partial purification of crude extracts through differen- 
tial eentrifugation and anion exchange chromatography, the 
nuclease cofraeiionatcd with a discrete 2s -nucleotide RNA 
species. These remits suggested that small RNAs were associ- 
ated with sequence-specific nuclease and setved as guides to 
target specilic messages eased upon -equence recognition. In 
another report, the mult (component RNAi nuclease was puri- 
fied to homogeneity as a ribotiuclcoprotcin complex of -~500 
kDa (97). One of the protein components of this complex was 
identified as a member of the Argonaute family of proteins and 
was termed Argonaute2 (AG02). AG02 is homologous to 
i t i i N ill 

in C. elegans. AGO 2 is a ~130-kDa protein containing poly- 
gluttimine residues. PAZ. and PIWI domains characteristic of 
members of the Argonaute gene family, fhe Argonaute family 
members have been linked both to the gene-silencing phenom- 
enon and to the control of development m div erse species. The 
first link between Argonaute protein and RNAi was shown by 
isolation of rdel mutants of C. elegans in a screen for RNAi- 
deficient mutants. Argonaute family members have been 



shown to be involved in RNAi in Neurospora crassa (QDE3) as 
well as in A. thaluma (AGO!) (75). 

Recently, two independent groups identiticd additional 
components of the RISC complex. Hammond and croup 
showed the presence of two RNA binding proteins, the Vasa 
intronie gene and d I- MR proteins, in the RISC' complex iso- 
lated from Drosophila Hies (35). Of these, dFMR is a homo- 
logue of the human fragile X mental retardation protein. In a 
parallel study, Siomi and group also isolated a novel ribonu- 
cleoprotein cot ipk-x In ' 1 lysatc 'hat contained 

dFMRI. AC()2. a Drosophila homologuc of pb.S RNA hclicasc 
(Dmp68), and two ribosomal proteins, L5 and Lll, along with 
5S rRNA (106). Both ol these groups showed not only the 
presence ol those components in the RISC' complex, but also 
interactions among these proteins in vitro. Other components 
of RISC have not been clearly established yet. Nevertheless, 
sonic of the proteins mentioned below could scry well consti- 
tute the RISC complex. 

RNA and DNA Hclicascs 

Aberrant RNA elimination surveillance seems to be com- 
mon to most eukaryotic organisms. However, a diverse array of 
proteins specilic for each organism seem to carry out such 
surveillance. Broadly, they fall in the biochemically similar 
group of RN \ DNA helicases. A mutant strain (mind) of C. 
reinhardiii was isolated in which a gene required for silencing a 
transgene was disrupted (232). This RNAi-resistant mutant 
also showed an elevated transposition activity. !'hc mutb gene 
was cloned and sequenced. The deduced MU'f'6 protein con- 
tains 1,431 amino acids and is a member of the DEAH box 
RNA hclicasc family. It also has a glycme-rich region that 
includes several RGC repeals, resembling an RGC box, a 
motif implicated hi RNA binding and protein -protect interac- 
tions. Mil < i hn pu i i i ui hzatioii si 
nals and is predicted to be nuclear by PSOR f analysis (161). 
VICTo RNA hclicasc may be involved in degradation of mis- 
processed aberrant RNAs and thus could be a part of an 
RNAi-related surveillance system. 

In Neurospora crassa, three classes ol quelling defective mu- 
tants (qdcl. iple.2. and qdell) have been isolated (46). The qde.3 
gene has been cloned, and the sequence encodes a 1,955- 
amino-acid protein (48). The protein shows homology with 
several polypeptide.- belonging to the family of RecG DN \ 
helicases, winch includes the human proteins for Bloom's syn- 
drome and Werner's syndrome (238). In addition, QDE3 is 
believed to be involved in the activation step of gene silencing. 
The DNA hclicasc activity ofODFJ may function in the DNA- 
DNA interaction between introduced transgenics ot with a 
putative endogenous gene required for gene-silencing activa- 
tion by unwinding the double-stranded DNA. These interac- 
tions may indtn i t . mc tion or chromatin struc- 
ture, producing an altered state that could result in aberrant 
RNA production. Thus, ()D1 : 3 protein may be more important 
for the transcriptional part of gene silencing, i.e.. TGS. 

When the RNAi sensitivity of several existing C. elegans 
mutants was examined, two mutant strains, mui2 and mia7, 
that had previously shown elevated levels ofirmtspoMJii mobi- 
lization also showed resistance to RNAi. Retting et al. (116) 
identified a mutator gene, una?, in C elegans and character- 
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ized it at the molecular level. MUT7 was found to be homol- 
ogous to proteins with 3'-5' exomicleasc domains, such as 
Werner's syndrome protein and 11. coh RN;;se I). It contained 
all the keyealalvtie residues for nuclease activity. A model was 
proposed in which Mid 17 was speculated to play a role in 
iqi ita ■) m d. idt it he ti et mRNA with 

its exonuclease activity. 

smg (suppres i rp »' fects on genitalia) mu- 
tants of C. elegans, detective in a process called nonsense- 
mediated decay, have been isolated (63). Seven smg genes 
which are involved in nonscnsc-muliatcd decay have been 
identified (29, 100). Since this process also involves RNA deg- 
radation, the function of these genes, if any, in the RNAi 
process was examined. Animals mutant for a subset of these 
genes, smg2, smg5. and swi.tjo, were iniiially silenced by dsRNA 
but later showed rapid recover}' from the effects of RNAi, 
unlike the wild-type worms, winch remained silenced, finis, 
these genes might affect the persistence of RNA interference. 
On the other hand, vra;/, smg J, and vm i; / mutant animals 
behaved like wild-type worms and did not recover from RNAi 
at all, indicating that these genes are not required for RNAi 
persistence. The smg5 and smg6 genes have not been cloned, 
but the smg 2 gene shows homology to Sacchuromyces cerevisiae 
upfl , which encodes an ATPase with RNA-binding and heli- 
case activities. 

The SMG proteins could unwind dsRNA to provide a tem- 
plate for amplification activity. In this way. the three SMG 
proteins might facilitate amplification of the silencing signal 
and cause persistence of the silenced state. Alternatively, SMG 
proteins could increase the number of dsRNA molecules by 
promoting cndoniicleolvlie cleavage "I existing dsRNA mole- 
cules, which has been observed in Dr.nophiia Dies. No SM(i2 
homologues have been identified in plants or fungi. However, 
a search of the . I. iluilumn gem >mc sequence database revealed 
a number of candidates with either helicase and/or R.Nasc 
domains. 

In a recent report,'! ' d that unlike 

i ul i induce uu ilcncn mi/ lh nti i 

RNA-induced e si i< is i lined proposing that 
RNA synthesis was primed on the in RNA bv antr-ense RNA. 
resulting in dsRN As, which aeled ;is subsi.i'aies lor I )icer 'de- 
pendent degradat ion. Antisense RNAs showed a requirement 
for the mutator RNAi genes mui7 and mull / but acted inde- 
pendently of the RNAi genes rclel and rde4 of C. elegans. The 
rnutlA gene was cloned by genetic mapping and subsequent 
candidate gene approach. The MUTI4 protein is a member of 
the family of putative RNA helicascs that contain the signature 
DEAD box motif. These proteins are involved in diverse cel- 
lular functions, ffie helicase activity of Ml MT4 might thus act 
to permit cle novo RNA synthesis on the target. 

Dalmay et al. (54) identified an sdeJ locus in A. thauana 
plants which is required for the PTGS phenotype. They pro- 
posed that SDF.3 protein might be involved in the production 
of dsRNA. SD1-3 dilk i markedly from OIH i Ml P and has 
slight similaiaty to MU1T in the helicase motif. Although it is 
highly similar to Upflp and SMG 2, it is unlikely that SDE3 is 
the functional hornologue of Upflp and SMI ,2 because it lacks 
important motifs (167). Notably, no SDE5 hornologue was 
found in ( . elegans, suggesting thai SDE5 like proteins are 



regulators rather than essential cofactors of PTGS and are not 
used in ( ' degans. 1 his is lurlhci supported bv the obs rvation 
that sdt>3 mutant plants exhibit only partial loss of PTGS (55). 
The closest hornologue of SDLG as identified by BlasiP was a 
mouse protcii neodei b yi. 159). 'I icsc SDE3 ho- 
mologues have RNA. helicase motifs that are quite distinct 
from those of he 1)1 \\) DI Ml and Skidp vpes id RN V 
helicase (134). It has been speculated that SDE3 and SMG2 
are multifunctional RNA helicascs involved in PTGS. 

Translation Initiation Factor 

Mutants of ('. elvgum showing resistance to dsRNA-medi- 
ated RNAi were selected by Tabara et al. (203). They geneti- 
cally mapped seven mutant strains that were placed in four 
complementation groups. One of the groups, nlcJ, consisted of 
three alleles. Gene rdel is a member of a large family which 
includes Dmsophila homologues {pnvi and sling) and Arabidop- 
sis homologues (argormute and :uv7/c) and rabbit cll'IH '. The 
full-length cDN A sequence for rdel was determined, and the 
deduced protein, consisting of 1,020 amino acids, was referred 
to as RDEE The RDEI protein is homologous to the product 
of the quelling deficiency (qdc2) gene in Keurospora crassa 
(75). Idre initiation step of RNAi might be affected in the rdel 
mutant, as it completely kicks an interference response to 
several dsRNAs. It does not show any increase in transposon 
mobilization and or any effect on growth and development. 

RNA-Dependent RNA Polymerase 

The effects of both RNAi and PTGS arc potent and systemic 
in nature, fins has led to a proposed mechanism in which 
RNA-dependent RNA polymerases (RdRPs) play a role in 
both triggering and amplifying the >ilencim> elleet. Transgenic 
and \inis-inleeted plants show an accumulation of aberrant 
transgenic and viral RNAs. The RdRP enzymes might recog- 
nize these aberrant RNAs as templates and synthesize anti- 
sense RNAs to form dsRNAs that are finally die targets for 
sequence-specific RNA degradation (45. 47, 56. 133). 

Genetic screens of Ncurospora crassa (QDE1) (48) and A. 
thaluma (SI)Ef/SGS2) (54, 160) led to the identification of 
proteins which are similar to tomato RdRP (77, 187) and are 
required for quelling and PTGS. respectively. I his testifies to 
the importance of RdRP in gene silencing. Cogoni et al. (45) 
cloned the qdel gene from N. crassa. It encodes a 158-kDa 
protein which kicks the typical signal peptide or a transmem- 
brane domain, indicating its intracellular location. Dalmay et 
al. (54) found that the 113-kDa Arahldopsls RdRP is encoded 
by sdel. It is a plant hornologue of QDE1 in N. crassa and 
EG 01 in (d elegans, which tiro required for quelling and RNAi, 
respectively. The SDE1 protein is required for transgene si- 
lencing but not for virus-induced PTGS. suggesting that SDE1 
might be required to produce dsRNA, the initiator of PTGS 
(54). 

The dsRNA produced as an intermediate in virus replication 
by virus-encoded RdRP might induce PTGS itself and thus 
SDE1 mav not be required for virus-induced PTGS. Plants 
with the sde mutation grow and develop normally, excluding a 
role for sde in development or basic cellular function Tv.i 
PTGS-eontrolling genes, sew? and sgs.l, were identified in A. 



TABLE 2. Component of poMtrunsaiplional gene silencing 



Organism , U f " j, " Gene function Developmental defect 



Postlranscriplional 


Plant {Ambit/apsis Uialima) 


sgsllsdel 

sgs3 

sJt:3 

cafl 


RdRP 
Unknown 
RceQ lid 

RNA hdi 


case & RNase III 


devdoprn 


;ffects on 




fungus (Nemospoia traaa) 


qde-1 


RdRP 

Translation initiation factor 
RecQ DNA helicase 


None 




RNA interference 






RdRP 




Gaiuelogeni 


•tie defect & sterility 






rde-2, rde-3, rde-4. mm 
KI2H4.8 (dcv-1) 

mui-7 

smji-2 


-2 Unknown 
Dicer hot 

Ol AD Ik 
II, 1, 


<S RN,isl 111 

& RNase D 

>x RNA helicase 


Sterility 
None 






Alga (Vlilamyilimwmii mnlwnitii) 


srn ; :-6 
Ml- 1 


Llnknown 
DEAH Ik 


abrane protein 
)X RNA helicase 







iluilituui by another group of workers ( 160). Later, it was found 
that %>.v2 and ,v<W are ililVercnt deseriptiotts o! the same gene. 
On comparing the protein seqttenee of all the RdRPs, ii con- 
served block v i en h\ ,ii nil t tit tal for RdRP 
function in PTGS and RNAi. sgs3 mutants have die same 
molecular and phenotypic characteristics as u>x2 mutants, but 
die SGS3 protein shows no significant similarity with any 
known putative proteins. 

In C. elcgam, HGOI. a protein required for RNAi, was 
found to be similar to tomato RdRP anil the (.)!)!• 1 protein of 
Net i rospoin crussa i 1 97), as mentioned earlier. For a number of 

RNA. interference. The 1 tup is found pi 1 i n id 

encoding an RdRP-relaied protein with an essential develop- 
mental junction. RdRP is speculated to play a role in the 
amplification of the dsRNA signal, allowing its spread through- 
out the organism (50, 77, .168, 221). The RdRP is also perhaps 
responsible for sustaining PTGS at the maintenance level even 
in the absence of the dsRNA that initiates the RNAi effect. 

In spite of its omnipresence m different kinds of etikaryotic 
cells, RdRP homologucs arc noi coded by either the Drosoph- 
ila or human genome. Though the systemic characteristics of 
RNAi have not been revealed yet in either Hies or humans, the 
amplification of mRNAs may ire an essential step of RNAi 
even in these systems. Hence, it is important to know how 
these steps of RNAi are biochemically carried out in the ab- 
sence of RdRP activity. 

Transmembrane Protein (Channel or Receptor) 

The systemic spread of gene silencing from one tissue to 
.another has been well established in ( '. i-le^uns and plants. I'o 
investigate the mechanism of systemic RNAi, Winston et al. 
(231) constructed and used a special transgenic strain of C 



I'fcgtinv (IK '57). They identified a systemic RNA interference - 
deficient (sitl) locus required to transmit the effects of gene 
silencing between cells wiih green liuoreseent protein (GPP) as 
a marker protein. Of the 100 sid mutants belonging to three 
complementation groups {sid/. sul:':. and sid3), they isolated 
and characterized sid I mutants. The sidl mutants had no 
readily detectable mutant phcuoiypc other than failure to show 
systemic RNAi. Interestingly, diese mutants also failed to 
transmit the effect of RNAi to the progeny. 

The SID I polypeptide is predicted to be a 776-amino-acid 
membrane protein consisting of a signal peptide and 1 1. puta- 
tive transmembrane domains. Based on the structure of S1D1. 
its sugges i at f as a channel for the import or 

export of a systemic RNAi signal or might be necessary for 
endocyfosis of the systemic RNAi .signal, perhaps functioning 
as a receptor. No homoloeue ol sidl was detected in I), im-la- 
nogaster, which may be cousisicnt with the apparent lack of 
systemic RNAi in the organism (80, 174). However, the pres- 
ence of SID homologucs in humans and mice might hint at the 
systemic characteristics ol RNAi in mammals. 

Genetic Mutations wish S iiknown Function 

The three other complementation groups identified bv 
Tabara et al. (203) in C. ciegans are rde2 and nle3, with one 
allele each, and rde4, with two alleles. rde4 mutants behaved 
ike th in in not shoi is s 

mobilization and no effect on growth and development. The 
product of rdc2 remains so be identified, mull. rdel, and rdc3 
exhibited high-level transposition similar to mut7. 'Phis sug- 
gests a possible biological role oi RNAi in fransposon silencing 
(203). 

Mcilo and colleagues ( N : ) have proposed that rdel and rdc4 
respond to d-RNA by producing a seeondaiy extrageutc agent 
that is used by the downstream genes nlt'2 and mur7 to target 
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specific mRNAs for PTGS. According to this view, rclel and 
rck-t act as initiators of RNAi whereas rdv2 and mm 7 arc 
e II toi i ii ik il licncii ive I i 

listed in Table 2. 

MECHANISM OF RNA INTERFERENCE 

As the various piece « of the RNAi machinery are being 
discovered, the mechanism of RNAi is emerging more clearly, 
in the last few years, important insights hau- been gained in 
elucidating the mechanism ot RNAi. A combination of results 
obtained from several in vivo and in vitro experiments have 
ge-lled into a two step mechanistic mode l for RNAi/PTGS. The 
first step, referred to as the RNAi initialing step-, involves 
binding of the RNA nucleases to a large ilsRNA and its cleav- 
age into discret: 21- to »25-nucleotide RNA fragments 
(siRNA). In the second step, these siRNAs join a multinucle- 
asc complex, RIM ', winch degrades the homologous single- 
Stranded mRNAs. Al pusent. little is known about the RNAi 
intermediates, RNA-protcin complexes, and mechanisms of 
formation of different complexes during RNAi. In addition to 
several missing links in the process of RNAi. the molecular 
basis i n. 

Processing of rfsRNA into siRNAs 

Studies of PTGS in plants provided the first evidence that 
small RNA molecule- are important intermediates of the 
RNAi process. 1 laimlton and Baulcombc (92). while studying 
Iransgenc-mdu eel Pi t is in live tomato lines transformed with 
a tomato I -am inocyclopropane- Pcarbo.xyl oxidase (AGO), 
found accumulation of nco small RNAs of 25 nucleotides. 
More direct evidence about the generation of siRNAs in RNAi 
came from an in vitro cell-free system obtained from a Dro- 
sophila syncytial blastoderm embryo by Tuschl et al. (212). 
These authors were able to reproduce many of the features of 
RNAi in this system. When dsRNAs radiolabeled within either 
the sense or the antisense strand were incubated with Drosoph- 
ila iysate in a standard RNAi reaction, 21- to 23-nucleotide 
RNAs were generated with high efficiency. Single-stranded 
3 -P-label.ed RNA of either the sense or antisense strand was 
not efficiently converted to 21- to 23-nucleotide products. The 
formation of the 21- to 23-nucleotide RNAs did not require 
the presence of corresponding mRNAs. 

'I he role of the small RNAs in RNAi was confirmed inde- 
pendently by Elbashir ct al. (69). who showed that synthetic 2.1- 
to 23-nucleotide RNAs, when added to cell-free systems, were 
able to guide efficient degradation of homologous mRNAs. To 
assess directly if the siRNAs were the true intermediates in an 
RNAi reaction, Zamore et al, (240) fractionated both the un- 
processed dsRNAs and processed dsRNAs from the Renilla hie 
dsRNA-treatcd cell-free Drosophila system and showed that 
only the fractions containit i , RNAs were able to bring 
about the cognate RNA degradation and their ability to de- 
grade RNA was lost when these fractions were treated at 95*C 
for 5 min. These in vivo and in vitro studies thus provided the 
evidence that siRNAs toe the true intermodule* of the RNAi 

Together with the experiments to identify siRNAs as the key 
molecules for the- RNAi effect, several investigators carried out 



the logical search for polypeptides that could generate such 
molecules. Based on the binding aid lie cage ; mpcrties of /.'. 
coli RNase III enzymes, Bass (13) for the first time predicted 
the involvement 1 N se pc endonue e i I ec 
elation of dsRNA to siRN As. The RNa.-e III enzyme makes 
stay ^dcu 1i st UM u R f- t „ s 

of 2 i ik 1 i s , e t cm e l I o v e 

RN lit u n n r N t a i k s f ,se> t< 
who chemically analyzed die sequences of the 21- to 23-nucle- 
otide RNAs generated by the processing of dsRNA in the 
Drosophila cell-free system. They showed the presence, of 5'- 
phosphate. 3'-hydroxyI. and a 3' 2-nuclcotidc overhang and no 
inodmcahon of the sugar-phosphate backbone in the pro- 
cessed 21- to 23-nucleotide RNAs (69). 

Two groups race ntiy identified candidate en/ymcs involved 
in degradation by scanning the genomes of /.). mclanogamr and 
C. elegans for genes encoding proteins with RNase III signa- 
tures (17, 115). Bernstein ct al. (17) shower! that one of these 
identified genes, dicer in Drosophila, codes ha the- RN \ pro- 
cessing enzyme that fragments dsRNA into 22-nucIcotidc frag- 
ments in vitro. An antiserum raised against Dicer could also 
immunoprecipitate a protein from the Drosophila extract or 
from S2 cell Iysate tnd >i a'otcit imnumoprecipi- 

tates were able to produce RNAs of about 22 nucleotides from 
the dsRNA substrate. The direct correspondence in size of 
these RNAs with those generated from dsRNA by cell extract 
suggested a role of this protein in els RNA degradation. The 
role of Dicer in RNAi was further confirmed by the fact that 
the introduction of Dicer dsRNA into Dimophilu ce lls dimin- 
ished the ability of the Iraiisfected cells to carry out: RNAi in 
vitro. Similar experimental studies were carried out with C. 
t'lcgiiti'. extract, and an oitholog of Dicer named IX'RI was 
identified. 

A number of in vivo and in vitro experimental studies have 
shown that the production of 21- to 23-nuelcotide RNAs from 
dsRNA requires ATP. The rate of 21- to 23-nucleotide RNA 
formation from correspotteltng dsRNAs has been shown to be 
six times slower in the Drosophila extract depleted for ATP bv 
treatment with hexokinase and glucose (165). Bernstein ct al. 
(17) and Rotting et al. (.115) showed that the Dicer immuno- 
prce.-ipitates loan D. iiwlaimgastrr as Weill as S3 cell extracts and 
DCRi unnnmoprccipiiaics from ('. elegtim extract required 
ATP for the production of 22-nucleotidc RNAs (17, 113). 
Recently, Nykanen et al. (165) reduced ATP levels in Drosoph- 
ila extracl by 5.000-fold with a sensitive ATP depletion strategy 
and showed considerable reduction in the rate of siRNA pro- 
duction in the Drosophila cell extract. These experiments sug- 
gest that ATP controls the rate of siRNA formation. 1 low-ever, 
it is still unclear whether ATP is absolutely rate limiting for the 
production of siRNAs from elsRNA. 

The RNase activity and dsRNA binding of 218-kDa recom- 
binant human Dicer have also been examined in vitro (175). 
The et zyme generatec 1 s from dsRNA quite 

efficiently in the presence of Mg- ' and the absence of ATP. 
The RNase activity was sensitive to ionic interactions, whereas 
the dsRNA binding w as quite effective in presence of high salt 
and did not require Mg 2 ! at all. The dsRNA binding domain 
is located at the C terminus of Dicer, which is separable from 
the hclica.se and PA/, motifs. 1 lunain Dicer expressed in mam- 
malian cells coloeah/eel with calrctaculin. a resident protein of 
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the endoplasmic reticulum. In other systems, Dicer has also 
been found to complex with various other proteins (35. 106). 
Hence, it is possible that the Dicer RNase activity functions as 
a complex of protons m vivo. 

Amplification of siRNAs 

One of the many intriguing features of RNA interference is 
the apparently catalytic nature of the phenomenon. A few 
molecules of dsRNA are suflicicnt to degrade a c< .ntinuously 
transcribed target rnRNA for a King period of time. Although 
the conversion of long dsRNA into many small siRNAs results 
in mine degrct o! amplification, it o not MUlicicr.t to bring 
about such eoiiiiiiuons mRNA degradation. Saiee mutations in 
gents encoding RN A-dependent RNA polymerase (RdRP) 
all'ect RNAi, it -'-as proposed that this type of polymerase 
might replicate siRNAs as ejiigenetie agent-, permitting their 
spread throughout plants am! between general ions in ( el- 
egans. Recent studies by Lipardi et al. (135) and Sijen ct al. 
(193) provided eonvineing biochemical and genetic evidence 
that RdRP indeed plays a critical role in amplifying RNAi 
effects. 

Lipardi ct al (135), while invest i dsRNA-depen- 
dent degradation of target mRNA in a Dmsophila embryo cell 
extract system, showed the generation of full-length cognate 
dsRNAs from labeled siRNAs at early time points. Both sin- 
gle-stranded RNAs (equivalent to target mRNA) and dsRNAs 
served as templates for copying by RdRP. New full-length 
dsRNAs were formed rapidly and cleaved. f hey also showed a 
strict requirement for the 3' -hydroxy I group and 5'-phosphate 
group on siRNAs for primer extension in the RdRP-mediated 
reaction (135). 

Sijen et al. (193) further revealed the role of RdRP activity 
in RNAi. In an RNAi reaction, they observed the formation of 
new siRNA species corresponding to target ntRNAs but dif- 
ferent from trigger dsRNAs. They named these new siRNAs 
sect i d t siRN v" 

the hicZ region of the target mRNA that encoded a GFP-l.acZ 
fusion protein, these authors demonstrated the degradation of 
a separate GFP mRNA target. 1 his kind oi RNAi induced by 
secondary siRNAs was named transitive RNAi. These authors 
demonstrated the requirement for the rrfl gene, a C. elcgans 
gene with, sequence homology to RdRP, in the generation of 
secondary siRNAs and transitive RNAi (193). 

Amplification of siRNAs might: occur at various stages of the 
RNAi reaction and has been documented in plants, C. elegans, 
N. crassa, and Dicivosltiiuiii discoidntm but not in Hies and 
mammals (66). Though the RdRP aclivit\ is present in Pro- 
sophila embryo extract, as mentioned earlier, it is surprising 
that the fly genome does not code for RdRP. .Additionally, 
numerous experiments also suggest that RdRP is not required 
for RNAi in D. melanogaster (98). 

Degradation of mRNA 

In the effector step of RNAi. the double-stranded siRNAs 
produced in the first step are believed to bind an RNAi-spccific 
protein complex to form a RISC, 'flits complex might undergo 
activation in the presence of ATP so that the antisense com- 
ponent oi the unwound si UNA becomes exposed and allows 



the RISC to perloitn tin bi iwnsti earn RVAi reaction /arnore 
and colleagues (240) demonsljnled that a 250-kl>a precursor 
RISC, found in l)n»ophil« embryo extract, was converted into 
a 100-kDu complex upon being activated by ATP. 1 his acti- 
vated complex cleaved the substi tc The size and constitution 
of the precursor as well as the activated RISC might vary 
depending on the choice oi -.ystem (98 1. The antisense siRNAs 
in the activated RISC pair with cognate niRNAs, and the 
complex cuts this mRNA approximately in the middle of the 
duplex region. 

A few independent studies demonstrated the importance of 
the RISC complex in this part of RNAi reactions. The mRNA- 
cleaving RNA-protetn complexes have also been rcfern d to as 
siRNP (small interfering ribonucleoprotein particles). It is 
widely believed that tins nuclease is probably different from 
Dicer, judging from the substrate requirements and the nature 
of the end products. Since the target cleavage site has been 
mapped to 1 I or id nucleotides downstream of 5' end of the 
guide siRNA t< > earn bona i irrang mem or a change in 
the composition of an siRNP ahead or the cleavage of target 
mRNA is postulated. Finally, the cleaved mRNAs are perhaps 
degraded by exoribonucleascs (96). 

i i ' i 1 \ at the end of step 2 

might also be converted to the duplex forms by the RdRP-like 
activity. These forms might have siRNA-Iikc functions and 
eventually enter the pool of the amplification reaction Thus, ii 
is likely that amplification of the RNAi reaction takes place at 
both step I and step 2 of RNAi, In another model, it has been 
proposed that siRNAs do not act as primers for the RdRP-like 
enzymes, but instead assemble along the length of the target 
RNA and are then ligatcd together by an RNA ligase to gen- 
erate cRNA. The cRNA and target RNA hybrid would then be 
diced by the NCR piotein. All these models were summarized 
by Schwarz et al. (189). Most of the steps involved in the 
mechanism oi RNAi have been illustrated schematically in fun 



RNA SILENCING FOR GENOME INTEGRITY 
AND DEFENSE 

Considerable evidence indicates that PTCiS has evolved as a 
protective mechanism against parasitic ON A sequences such 
as transposons and the RNA sequences of plant viruses. DNA 
methylation and transcriptional gene silencing (ICS) arc 
mainly responsible for keeping the transposition frequency at a 
minimum. However. PTC is also provides additional protection 
against the genomic instability caused by transposons. Muta- 
tions in the C. elcgum mur-7 gone increase the transposition 
frequency in the germ line and downregulate RNAi as well 
(58). implicating RNAi in the control oi transposons. Recently. 
Djikeng et al. (61.) cloned and sequenced the siRNA products 
of an RNA interference event occurring in Tiypanosoma bru- 
cei. By sequencing over 1,300 siRNA-likc fragments, they ob- 
served abundant 24- to 2,6-nucleottde fragments homologous 
to the ubiquitous retrotranxposon INCH and the site-specific 
retroposon SI ACS, I bus, they com ineingly demonstrated that 
RNAi is involved in silencing the retroposon transcript. 
^In plants Pic u 1 ivtlKIn d th RNA virus 

fact, both inducer's and targets for PTGS and gene-silencing- 
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STEP I 
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MO. 2. Two-step no oi the mechanism of gene silencing Induced by double-stranded RNA. In stop 1 R\ is cleaved by the Dicer 

^ I >di R\ \ i i i n i | m i I t is 1 h i \ vi Ik o ( to 

te | nsibl ,n I til>\enKt itio • ) n in | t 1 In h h i n ti hi th ) n< lie i A} I 
sic p II. the siRNAs generate;! in Mcp I bind to the nuclease complex (RISC). A hclieasc present in the complex niighl activate RISC by unwinding 

the siRNAs I lu it m mi ' k \J lie I < i ll i| \ i Ik it k \ \ I m , I >i \\ 

cleavage ( i ) of the inRNA. RdD.VI, RNA-dependont I.)NA methylation. 



defective mutants of plants show increased sensitivity lo viral 
infections j 100). Hie dircel role of dsRNA in inhibiting viral 
inlcction has recently been demonstrated by Tcnllado and 
Diaz- Ruiz (207). They showed that dsRNAs derived from viral 
replicase sequences could interfere with virus infection in a 
sequence-specific manner by directly delivering the dsRNAs to 
leaf eells either by mechanical coinoculation with the virus or 
via tin /li,rr(/>i«7w>(/H-mcdiated transient-expression approach. 
.Successful interference with the infection oi plants by repre- 
sentative viruses belonging to the tobamovirus. potyvirus, and 
alfamovirus genera has been demonstrated. These results sup- 
port the view that a dsRNA intermediate in virus replication 
acts as an elliciem initiamr of 1' 1 CiS in natural virus infections. 

The clinching support for the notion that PTGS has evolved 
as an antiviral mechanism litis come from reports that plant 



viruses encode proteins that are suppressors of PTGS (8, 25. 
222). These suppressors have evolved to save the viral RNA 
genomes from the PTGS Jcgradauve machinery of host plants. 
Different types of viral suppressors have been identified 
through the use of a variety of silencing suppression assays. 
Suppressors HC-PRO, PI, and AC2 are one type (encoded by 

ityviruse e soben ru 

of subgroup III, respectively) that is able to activate GFP 
expression in all tissues of previously silenced GFP-cxpressing 
plants (222). I IC-PRO reduces target mRNA degradation and 
is thus responsible for reduced accumulation of siRNAs (137, 
145). The second type of suppressors include movement pro- 
teins, i.e., p25 of potato virus X, which are involved in curbing 
the systemic aspect of transgene-induced RNA silencing (220). 
The third type includes cytomegalovirus 2b protein, which is 
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involved in systemic signal-mediated UNA silencing (60). The 
cytomegalovirus 2b protein is nucleus localized and also inhib- 
it- -alicylic acid-mediated virus resistance ( 141 ). Other types of 
viral suppicssors with undefined biochemical activities arc also 
known (1.28). These findings not only provide the strongest 
support that PTGS functions as a natural, antiviral defense 
mechanism, but also offer valuable tools for dissecting the 
biochemical pathways of PTGS (128). 

The PTGS degradative machinery can both detect and in- 
activate repetitive DNA sequences, suggesting it controls the 

f repc len I igenous gei 

(18), Although RNAi occurs in mammals and mammalian cell 
cultures, its role in animal virus protection is not clear. In 
mammals. dsRNA induces RNAi as well as mieif eron-mcdi- 
ated nonspecific RNA degradation and other nonspecific re- 
sponses leading to blockage in protein synlhcMs and cell death 
(2). Thus, mammals seem to have evolved multiple mecha- 
nisms to detect and target dsRNA and to fight viruses. These 
various mechanisms may haw different specificities or can 



function in distinct tissues or timing development (210). A few 
other roles of RNAi in development and genome maintenance 
will be discussed in biter sections 

MECHANISTIC DIFFERENCES AMONG THE 
BIOSYNTHETIC PATHWAYS OF siRNA 

v i I'm i i hi ie silencing is quite 

apparent in plants and animals, a few unique altribuies sepa- 
rate the pathways in these groups. For example, systemic 
spreading of the RNAi reaction from the site of initiation is 
known to occur in plants and worms (74, 79), but not in Hies or 
mammals. The noteworthy distinct molecules that have been 
identified to cause differences at the pre-Dicer, Dicer, and 
post-Dicer stages of gene silencing pathways are mentioned 

Pre-Dicer stage. Plant proteins such as SGS2 (RdRP), SGS3 
(coiled protein), AGO I (responsible for plant development), 
and HEN! (enhancer of flora) him / mutation) are required foi 
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PTGS activities induced by the sense iransgencs. Hut i! the 
transgencs are in the form of hairpins expressing Lite pani:. in- 
die dsRNA. the absence of or defects in the above-mentioned 
proteins do not play any rule in altering the PTC iS/cosupprcs- 
sion function. Hence, those proteins supposedly play a rule 
upstream of dicing of dsRNA and may be involved in the 
formation and stabilization of dsRNA (22). 

Homologues of SGS3 are unknown beyond the plant world. 
Even though HEN1 analogs are known in bacteria, yeasts, and 
animals, their roles in sense PTGS have not yet been identified. 
Likewise. SGS2 homologues are known in C. elegam, N. crassa, 
and Dictyosicliuiri discoidaim. but their roles at the pre-dicing 
stage have not been established yet in those systems. The 
equivalents of SGS2 in other animal systems are nonexistent 
both structurally and functionally (205). The role of worm 
AGO! protein, i.e., RDE1, is also unique, as described earlier. 
AGOl homologues are present in all cukuryotcs. but they 
mostly function as a component (AG<)2) ot the animal RISC' 



complex (32). The plant HEN I protein is believed to be nu- 
clear because of the presence of the nuclear localization signal 
at its N-terrninal region (40). Since HEN I is essential for plant 
PTGS (cosuppression), which is supposedly a cytoplasmic ac- 
tivity, the exploration of its subcellular distribution is in utmost 
importance. Boutet et al. (22) speculated that HEN 1 could be 
a dsRNA stabilizing protein, and since many such proteins are 
known m the animal kingdom, n would he of interest to hud 
animal analogs of the plant HEN1 protein. In fungus as well as 
I n 1 i i i nsg m I PTGS phc i 

are known, but the machinery operative at the pre-dicing stage 
is still elusive. 

The roles of plant SGS2. SGS3. AGOl, and HEN1 proteins 
may be limited at the slain' of production of dsRNA from the 
transcript of sense transgencs, Inn no mechanism has been 
established rcgardmy the presentation of the dsRNA to Dicer 
for the generation of siRNA. However, such a mechanism has 
been reported in C elegans. 'Hie RDE4 and RDEI (AGOl) 
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proteins of C. elegans were reported as initiators of RNAi and 
speculated to have no mechanistic role in the downstream 
processes of RNAi (87. 203), Unlike the Aruhklopsh AGO I 
and Hli.NI proteins, RDI 4 and RDF. I proteins arc required 
lor RNAi even when the dsRNAs are produced intracellular!} 
ir -eisuRwi^tJi 1-u' MMaMrRl.l- nd RDM 
are of no consequence if exogenous siRNAs or short antisense 
RNAs drive the' RNAi reaction (208) RDI • mils tig] th o 
dsRNA (during the RNAi reaction) by virtue of its two RNA- 
binding domains and" is always found in a light complex with 
RDE1 protein even in absence of the RNAi reaction. During 
RNAi, RDE4 is found in a complex with RDE1, Dicer 
(DCR1), and a conserved DEXH-box RNA helicase (DRIif/ 
DRH2). Based on these observations and other genetic evi- 
dence, Tabara and coworkers postulated that RDI • ami 
RDM functioned together to detect and retain foreign dsRNA 
and present the d-RNA to IX Rl for processing into siRNAs 
(202). Analogs of the RDE4 and DRH proteins are found in 
many eukaryotes. including plants and humans, but their roles 
have not been defined yet. 

Dicer stage. The plant Dicer responsible for biosynthesis of 
plant siRNA is not known yet, whereas the Dicers of C. elegans, 
IX melanogasier. and humans as effectors for siRNA have been 
well characterized. The A. thulium and rice genomes both 
encode at least seven RNase Ill-like proteins, of which at least 
lour are puialivc homologues of Dicer, conveniently called 
DCLs (i.e., DCL1, DCL2, DCL3, and DCL4). The genetic 
evidence rules out thai the Arahkhpsh I XI I for ( API ) could 
be competent for siRNA formation (76). The roles of other 
DCL proteins are still to be revealed. 

Interestingly, both in vivo and in vitro data suggest that the 
end products of plant dicing activities are different from those 
of the animal Dicers. When uniformiy i2 P-labeled dsRNA was 
incubated with wheat germ extract, Zamore et al. (205) found 
that the dsRNA was chopped into si RNAs ol two discrete size 
classes, one <°*2\ nucleotides and the other 24 to 25 nucleotides 
long, whereas IX mdanogastcr and human Dicers generated 
only the 21-nucleotide siRNAs. Two similar size classes were 
also produced with cauliflower extract and were found inde- 
pendently in the set of 425 endogenous small RNAs cloned 
from A. liniuanii , finis, in plants, dicing activity leads to the 
generation of two distinct classes of siRNAs. 

With specific synthetic -a RNAs that supposedly bind tightly to 
and inhibit Dieei as competitors, Zamore et al. concluded that a 
el i its' rent I )icer-likc enzyiie was responsible for the generation of 
each class of siRNA. These two distinct classes of siRNAs were 
reported first in vivo from transgenic plants bearing the silenced 
GST sense transgenes (94). With an array of plant virus-encoded 
suppressors of gene silencing. Rntilcomhe et al. proposed that the 
2 loner siRNAs controlled localized PIGS via in RNA degrada- 
tion and the 24-mer siRNAs triggered systemic silencing and 
methylation of the homologous DNA. It remains to be seen 
whether this kind if dual clicii i c fleets any novel pathway 
intrinsic to plant RNAi. Interestingly, the longer i 25-nvr) siR- 
NAs have also been detected m die natural RNAi biology of 
i'nvtiiiosoma bmcei (61). 

Post-Dicer stage. RISC' has been isolated from D. meluno- 
gu-.ier. ( . elegant, and human--, and only some ol its compo- 
nents have been characterized biochemically' and genetically. 
Both mammalian and himojiliihi RISC contain AG02 pro- 



teins, whereas the GEM1N3 (a DEAD box helicase) and 
GEMIN4 proteins are found only in mammalian RISC (103). 
Similarly, dF.XR, a hornoiogue ol the human fragile X mental 
retardation protein, is found only in Drowpliila RISC (35). 
However, there is no report on the isolation of R ISC' in plants. 
Hence, mechanistically little is known about postdicing activity, 
especially in plants. A worthwhile question to address is 
w hether there is any anchoring site for the occurrence of RNAi 
in the cytoplasm. Recently, it was reported that E. coti RNase 
III binds to the 70S ribosome and is functional!) modified alter 
binding (6). It is widely believed that the RISC' associates with 
eukaryotie ribosoincs (96). I fence, the exploration of ribosome 
association of the RNAi activities, especially of dicing and 
postdicing leading to itiRNA degradation, might shed light on 
RNAi mechanisms in the future. The various affinities of ribo- 
some-binding complexes might also reveal interesting system- 
specific features. 

RdRP-dependent siRNA amplification and systemic spread- 
ing from the site of origin is another area where many system- 
specific variations have been noticed. RdRP homologues are 
not present in many organisms, so the mechanisms by which 
sense transgenc mi diatc PTGS n thos >rg 

isms remain a mystery (98). In other systems where RdRP is 
present, the biochemical steps and details of siRNA amplifi- 
cation may not necessarily be the same. 

In C. elegans, RRE1 (a putative hornoiogue of RdRP), along 
with other proteins, is required for RNAi even when the trig- 
ger dsRNA is expressed directly front the hairpin transgenc m 
the nuclei of somatic tissues, whereas SGS2 (Arahirfopsis 
RdRP) is dispensable for PTGS activity if induced directly by 
hairpin sense transgenes in A. thaliaiia. This suggests that the 
RdRP-mediated putative amplification steps ol worms are dif- 
ferent from those of plants (37). In plants, the SGS2-depen- 
dent spreading ol silencing occurs from the region homologous 
to flic trigger dsRNA into both the adjacent nonhomologous 5' 

ii < occurs onlv in the 5' region in worms and fungi, which is 
consisienl with the primer-dependent 5' -3' copying activity of 
RdRP. 1 lenee, in plants, the spread of silencing requires oilier 
activities (such as chromatin modification) in addition to that 
of RdRP (37). 

In worms, tissue-specific variations of RdRP-dependent 
RNAi have also been reported, but not in plants or other 
systems. EGGT is essential for RNAi in the germ line of C. 
elegans, whereas another RdRP hornoiogue, RRT I, is required 
for silencing in soma (195. 197). .Another intriguing observa- 
tion is i hat the loss of function of RRP3 (third putative RdRP 
of worms) is responsible for the enhancement of sensitivity to 
RNAi in several tissues of C. elegans. Here, RRF3 acts as a 
negative regulator of RNAi, a fact difficult to reconcile with the 
postulated activity of RdRP (195). For systemic transmission 
of gene silencing, the membrane-bound SID1 protein of C. 
elegans and the piasmodcsmatal connections of plants are im- 
plicated, but m both cases. I he molecular nature of the moving 
signal has not been ascertained vet. An association between 
Dicer and the RdRP has been suspected in the case of Diciyo- 
steliuni diseoideiun and C. elegans. but conclusive evidence is 
still lacking (37). 
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siRNA: SYNTHESIS, DELIVERY, AND 
GENE KNOCKDOWN 

The natural RNAi biology of cukaryotic ceils offers a pro- 




spa ed i evolution ci siig i of ceiiu l ne func- 
tions. 1 ransenptionai regulation with the els RNA technology 
provider e t -% me - til if u < i r I n i ..nsfic ,1 
response to b tl internal I extc in I vet the 
application ol RNAi m higltci eukaryotcs. particularly mam- 
malian ceils, has been hampered by the presence of a number 
of dsRNA-tnggered pathways that mediate nonspecific sup- 
pression . I gent expression ( 152). 1 hese nonspecific responses 
to dsRNA are not triggered by dsRNAs shorter than 30 bp, 
including the mRNA duplexes. Moreover, studies in ( . r/e.eu/o 
and I), rm-lctnogusicr have clearly dernonstrated that synthelic 
siRNAs can produce effects similar to those of the long 
dsRNAs (69, 236). Based on these experimental analyses. siR- 
NAs arc now being optimized for sysicmalie exploration of the 
function of genes in a variety of organisms. 

Prior to the si RNA era, approaches such as gene targeting 
y homologt recombination bo - id amis * I 
nologies were commonly used to determine gene functions. All 
such approaches have- their limitations, and none can be ap- 
plied universally (20.1). The dawn of siRNA-directed knock- 
down approaches facilitated studies of gene function in a rapid 
and inexpensive way. This si RNA technology has the potent mi 
to deciplu i die function of virtually any gene that is expressed 
in a cell type- or pathway-specific manner. In the span of only 
a few years, large-scale functional analysis of almost all the 

19.000 genes of C. elcgans has been carried out with the 
siRNA-directed knockdown approach. A fairly detailed ac- 
count of this technology has recently been reviewed by Dvkx- 
hoorn et al. (66). 

Here, some of the salient aspects of the technology are 
summarized. In brief, the application of si RNA for gene si- 
lencing involves a careful consideration of the following vari- 
ables: (i) selecting the siRNA sequence in the target gene; (ii) 
synthesis of siRNAs or construction of plasmids bearing ON A 
sequence encoding for siRNAs; (hi) optimizing transfection of 
the siRNAs or the plasmids expressing siRNAs in the target 
cells; and (iv) monitoring the eliicacy of gene silencing. 

Selection and Generation of siRNA 

Several siRNAs synthesized against different regions of the 
same target mRNA show different silencing efficiencies (.101). 
A number of groups have analyzed several parameters for 
optimizing siRNA-indueed gene silencing, and these include 
the length, secondary structure, .-.agar backbone, and sequence 
specificity of the siRNA duplex. The efficacy of these param- 
eters has been tested on several occasions for induction of 
RNAi in /.). melaiwgaswr and human cells (69. 189). No con- 
sensus on choosing the siRNA sequence has evolved. A line of 
thinking scents m suggest the following. The sequence should 
be selected m the region 50 to 100 bp downstream of the start 
codon. The 5' or 3' untranslated regions and regions near the 
start codon should be avoided, assuming that untranslated 
region-binding proteins and translation initiation complexes 



may interfere wit h the binding os siRNT or RISC endonuclease 
complex. The GC content of the siRNAs should be kept be- 
tween 30 ami 70',, . '! he computer programs developed by Lin 
(Jack Lin's si RNA sequence tinder; .vww.kasunysb.edu/stu 
/shiklm/mai.himl) and by Amnion i www.anunon.com) offer 
help i gu d itn w p i< I < N , qu u, i 1 
determine whether thesv selected sequences match mRNA 
sequences other than those of intended target. 

Based on different experimental approaches;, a few guide- 
lines have been laid for the synthesis of siRNAs. A general rule 
is that the sequence of rare strand should be AA(N,„)TT, 
where N is any nucleotide, i.e., these siRNAs should have a 
2-nucieotide 3' overhang of uridine residues. The siRNAs 
should be 21 nucleotides long. The siRNAs should have 5'- 
phosphate and .V-hyilroxy! group for efficiency. Compared to 
antisense or nhozyme technology, the secondary structure of 
the target mRNA does not appi ar to have a strong effect on 
silencing. The 2 l-nucleotide siRNAs can be chemically synthe- 
sized with appropriately piotecud rihonuelcosa.lc phosphor;. - 
midites and a conventional synthesizer and thus are widely 
available commercially. However, the use of chemically syn- 
thesized siRNA in RNAi has been restricted because of the 
high synthesis cost. Due to the paucity of information on the 
selection of siRNAs and their structures, these general guide- 
lines are suggestive and do not guarantee the silencing effect. 
To overcome the siRNA selection ambiguity, Yang et al. (235) 
incubated dsRNA with the E. coli RNase III enzyme to gen- 
erate a random array of siRNAs. The introduction of such a 
ic k l soup n in d ii i i in; tin et i c 

The exorbitant com of synthesizing siRNAs and their lack of 
amplification in mammalian cells have compelled investigators 
to explore alternative strategies to generate a continuous sup- 
ply of a battery of siRNAs. Several groups have devised strat- 
egies to synthesize short RNAs in vitro (64) or by introducing 
plasmids with the ability to make de novo siRNAs inside the 
cell (235, 239), DNA-bascd plasmid vectors have been de- 
signed by cloning siRNA templates downstream of an RNA 
polymerase III transcription unit, which normally encodes the 
small nuclear RNA U6 or human RNase HI. 

Two approaches have been developed lor expressing 
siRNAs. In the first, sense and antisense strands constituting 
the siRNA duplex are transcribed by individual promoters 
(64). aaid in the second. siRNAs are expressed as fold-back 
stem-loop structures that give rise to siRNAs with a small loop. 
A stretch of four to live thymidines is adder! at the end to the 
siRNA template that acts as a transcription termination signal. 
Many of these plasmid-based vectors, such as pSilencer 1.0 
(Ambion) and pSuper (DNA Engine), are now commercially 
r\ ah k I i i i 1 i eh nic tl 

synthesized siRNAs, but use of these plasmid vectors also 
remains limited due to numerous disadvantages, including the 
transient nature of siRNA expression and low as well as vari- 
able transfection efficiency. 

To circumvent these problems, virus-based high-efficiency 
siRNA deliver) systems are also being developed. A retrovirus- 
bascd system developed by Devree and Silver (59) is cited here 
as an example. The U6 promoter along with the siKNA-geu- 
erating hairpin construct was cloned upstream of the 3' long 
terminal repeat of the commercially available pMSCV-puro 

rii l la i id | k 1 i in ii l ,h cd 
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transfcct I lei. a cells with high efficiency in the presence of 
purornycm selection, and a dnimatii dnwnrcgulntinn of the 
target gene product was observed. A dmvnrepulatioii oi tins 
extent was not possible with the plasimd-b.oi d delivery system. 
Su ^^> u - ^uors or their improved variants hold the 
po n-e , .-If.v". ti\ ati i unction of ly gene in virtu- 
ally any ceil type, provided that the production of recombinant 

Most of the siRNA expression vectors produced to date use 
RNA polymerase Hi re dilatory units, which Jo not allow tis- 
sue-specific siRNA expression. However. Sbmcawa and Ishiid 
reported a polvinerase il promoter-based plasmid encoding a 
dsRNA expression system that could eventually express siRNA 
in a tisstic-speuiic manner (192). In their novel scheme, a 
pDECAP vector was used, which expressed long (KRNAs cor- 
responding to tlie ski acne (i -lending a Irtm^ripikmal n pres- 
sor) in the form of a hairpin. The engineered hairpin RNA 
expressed from a cytomegalovirus promoter lacked the 
7-methylguanosme cap structure at its 5' end and a pofy(A) tail 
at its y end. The transcript of such a design did not exit the 
nucleus to reach the cytoplasm and thus prevent the interferon 
pathway-mediated nonspecific antiviral response. The double- 

i iscr < i i 1 i s i i x 

were subsequently released into the cytoplasm to mediate the 
gene-speeihe silencing. The silencing was specific, since the 
lex o! of a related protein. SNO, remained unaffected. 

The same vector was also used to create ski knockdown 
mice, the phcrioivpc ol which was simitar to that oi ski knock- 
out embryos, which exhibited defects in neural tube and eye 
formation. Later generations of such vectors may use more 
tissue-specific eo acting elements in the employed promoter to 
stringently knock down gene functions in the animal system. It 
is pertinent to highlight here thai because plants do not elicit 
an interfcion-mediated antiviral response, the dsRNA/siRNA 
delivery system need not be as complex as the pDECAP sys- 



Transfection of siRNA and Detection of Gene Silencing 

An attempt to mulct stand a gene's function in diverse or- 
ganisms nivessisaies optimization ol protocols for etlicieni de- 
livery of siRNA i to s \ numbei f f ranslection reagents 
are being employed for iransk-ctiug siRNA into different cell 
lines. Lipoieaamme 2(ioo and ( iligolectamine (Invitrogen) are 
being routinely used ior siRNA deli* cry. A few newer trans- 
fection reagents such as TransIT-TKO (Minis) and Ambion's 
Siport Amine and Siport. have also been used successfully in 
cultured cell lines. Klcctioporatiou has been used to transfcct 
siRNAs in cell hues as well as m parasites such as 'I nixmosoma 
bnwei and Plasmodium falciparum (150, 213). In adult mice, 
naked siRNAs have been delivered by hydrodynamic transfec- 
tion methods to combat hepatitis C virus infection in the intact 
liver (151). The transfecting siRNAs have been used success- 
fully for studying the role of proteins in DNA damage response 
and cell e le i >l ei lie nc oils n sign in» 
' to 1 ton and rca cmen during mitosis mem- 
brane trafliekiuc. iranscripiion. and DNA methylation (211). 
These molecules have also been used to differentiate between 
housekeeping and other genes (112). 

The preferred way to detect spccitie gene knockdown by 



RNAi is to study the depletion of the target protein by immu- 
nofluorescence and Western blotting with the specific anti- 
body, fn addition, the knockdown phenotype and Northern 
blot analysis can also be used to detect the effects of siRNA. If 
the gene is essential. t elluiar growth is delayed or arrested, and 
| -'H [thymidine uptake can also be used to assign the function of 
a particular gene (70). 

siRNA Introduction into Plants 

siRNAs have been delivered into tobacco plants by biolistic 
pressure to cause silencing of GIT expression. Silencing occa- 
sionally was delected as early as a day titter bombardment, and 
it continued to potentiate up to .5 to 4 days postbombardment, 
Systemic spread of silencing occurred 2 weeks later to manifest 
in the vascular tissues of the nonl >>mb;,rdcd leaves that were 
closest to the bombarded ones. After a month or so, the loss of 
GFP expression was seen in nonvascular tissues as well. RNA 
blot hybridization with systemic leaves indicated that the bi- 
olisticaily delivered siRNAs induced the de novo formation of 
siRNAs, which accumulated to cause systemic silencing (1 18). 

MICRO- RNA 

Since the RNAi machinery is present constitutive!}' within 
eukaryotic cells, if is important to explore and understand the 
metabolic advantages that are accorded by RNAi-relared pro- 
teins during the intrinsic normal growth of cells arid develop- 
ment of organisms. The natural RNAi machinery not only 
keeps (he mobile transpi isublc dements from disrupting the 
integrity ol gciiom si , s skd by analyses in lower 
plants, A. tluilitiiut, C. elegant. I). mchmogasWr, and animals (0, 
94, 138, 203, 232), but also participates in organism develop- 
ment. Genetic defects in C. ek'gans RNAi genes cgol and diver 
cause known, specific developmental errors (87, If). 197). 
Sim y, the \rg a tutc * nil; o act es of Italian, (espe- 
cially the ZW1LLE proteins) is also responsible for plant ar- 
chitecture and mensfem development (32). and the Dicer ho- 
mologue of A. ihaluma. CAIN, is required for embryo 
development (83). d'hus, genetic evidence illustrates the role of 
the RNAi machinery as a controller of development-related 
genes. The mechanistic details of these developmental pro- 
cesses are beginning to emerge. 

In 1091. Ambros and coworkers first isolated a tin I mutant 
of C. ek'gans which was arrested at the first larval stage (127). 
Later on, the let? mutation was isolated in the same system, 
which was responsible for development through the fourth 
larval stage. Both ///;-/ and let? encode short 22-nucleotide 
mature RNAs and were called short temporal RNA because 
they control the temporal development program of C. elegans. 
The mature Un4 RNA i is,, regulates) the 

mRNA expression of the Vml4 and Un28 heterochronic genes 
with the antisense-mediaied repression mechanism of transla- 
tion initiation am! thus specifies the late of ceils during the lirst 
three larval stages. Recent studies have revealed that the short 
temporal RNAs are actually members of a group of tiny RNAs 
(21 to 28 nucleotides) called the micro-RNAs. isolated mem- 
bers of which could easily run to a few hundreds. Some of the 
components of the RNAi machinery have also been cicarh 
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established as the effector proteins tor the maturation of mi- 
cro- RN As. 

Identification and Biogenesis 

A range of biochemical techniques have been applied to 
clone the 21- to 28-nucieotide RNAs thai are present during 
ti v tor ii ceihilai pment mam i " mis 1 r ex- 

pionng the abundance and complexity of micro-RNA. Micro- 
RNAs have been found to be abundant and phylogenctically 
extensive in plants, flic-, worms, and humans, in /). melanv- 
gii'.h : r. ( . ehxtwi. plant-., and humans, more titan 600 micro- 
RNAs have been identified ( 123, 125, 126, 137). Bioinformatic 
analyses of the complete genome sequences have been ex- 
tremely useful for identification studies. The genome se- 
quences of it variety of organisms revealed the authenticity of 
these rmcro-RNAs, the nature of the precursor RNAs. the 
genomic locations of micro-RNA genes, and the evolutionarily 
conserved character of some of these micro-RNAs. With the 
RNA folding program miold t 148) anil Northern analyses of 
micro-RNA, it has been universally interred that most micro- 
RNAs arise from the imperfectly annealed 70-nucleotide hair- 
pin precursor RNA whose expression is often developmentally 
regulated. These micro-RNAs are thus predicted to be pro- 
cessed from multiple bulged and partially duplex precursors, 
like the short temporal RNA precursors (186). 

The identification of micro-RNAs is the first major hurdle in 
micro-RNA-related research. The first step in computational 
iden!ihc.:la>n ol micro-RNAs from genome sequences is iden- 
tification of sequences sunning hairpin loops (stem-loop se- 
quences). For this purpose, software such as srnloop (85) and 
RNA fold ( 130) is used. These arc Blast-like software packages 
which identity short complementary sequences within a speci- 
fied distance on the genome. The hairpin sequences obtained 
by this analysis are then evaluated as candidate micro-RNAs 
based on different criteria, such as GC content and minimum 
I by | . Iters, sueit its 

short-repeat filters and structure quality filters (85). 

Another important criterion that hits been used for the iden- 
tification of candidate micro-RNAs is the correspondence of a 
hairpin of one species with that of another species. Two hair- 
pins are said to be in correspondence it a short sequence (" 19 
nucleotides) in the stem of one hairpin is also present in the 
stem of another hairpin, although the two hairpins may have 
otherwise variable sequences. If a hairpin from one species has 
correspondence with a hairpin from one or more other species, 
this Strengthens its status as ti candidate to he a micro-RNA. 
The homology of hairpins with known micro-RNAs is also 
considered a useful criterion to select candidate micro-RNAs. 

1). R Bartcl's laboratory hits developed it computational 
procedure, cal ed Mil N \s based on 

their homology to known micro-RNAs with respect to the 
i t i M R aluates 

the stem-loops by passing a 2 1 -nucleotide window along the 
stem region and assigning a likelihood score to each window 
that measures how well its attributes resemble those of the 
previous!;, experimentally identified and validated micro- 
RNAs (129, 130). The candidate micro-RNAs identified by 
these procedures are experimentally validated by Northern 
blot assay of total small RNAs with the stem region of the 



candidate as a probe or by a more sensitive PGR assay of the 
amplified small RNA library (85. 130). Detection of a 21- to 
24-nucleotide band in the-e assays validates a candidate micro- 
RNA, whereas a - 'O-nuclcotide band is delected in Dicer- 
deficient mutants, further continuing that the micro-RNAs 
arise ftorn ;., 70-nuclcotide precursor. 

An lel,-l o , e .i t%\ i. spies , >- ( _ h e nil i 
sues suggests ceil- or tissue-specific expression. For example. 
micro-RNA I (miRt.i is specifically expressed in human heart 
tissues and stage-specifically in mouse embryoeenesis ( 1 26). .T 
thaliana small RNA 39 is detected exclusively in inflorescence 
tissues and downix gtiiuk-s the expression of a Scarecrow-like 
transcription factors (137, 159). Considering the diverse func- 
tions in which micro-RNAs have been implicated. micro-RNAs 
have also he. n named variously, i.e., mieio-RNAs which me- 
diate spatial development are referred to as sdRNAs, while cell 
cycle micro-RNAs are referred to as ccRNAs, etc. The regu- 
lated expression patterns of these ntici o- RNA- are suggestive 
of then functions m developmental control. However, many 
micro-RNAs are uniformly expressed, suggesting their role in 
general gene regulation (186). Downregulation of micro- 
RNAs leads to serious developmental defects, as evidenced by 
isolation of various micro-RNA mutants. Recent reports reveal 
that miR15 and miR16 are located in human chromosome 
13ql4, a region which gets deleted in more than half of B-ccIl 
chronic lymphocytic lettki inias. Detailed deletion and expres- 
sion analyses point out that these two micro-RNAs tire located 
within ii 30-kh region of loss in chronic lymphocytic Icukemias, 
and both genes arc deleted or downregulated in a majority 
l S'6S'- ) »f chronic lymphocytic leukemia cases (30). 

A majority of micro-RNAs occur in relatively short ( - 70- 
nucleotide) and single stem-loop precursor structures. How- 
ever, in both, animals and plants, some micro-RNAs are ar- 
i aimed in clusters. The genes in the tandem clusters are 
coexpressed. tor example, in the germ line and early embryos 
of C. elcgtms and D. melauogaster (123. 125) and in the inflo- 
rescence tissues of A. thulumu (137). A set of seven highly 
related t cgans nncro-RN \ a. • o th it rc - expressed are 
so tightly clustered within 1-kb region thai they are predicted 
to tout; a precursor from which all the seven mature micro- 
RNAs are processed (186). Similarly, several micro-RNAs 
originate from each of the five chromosomes of A. ihalixiiui 
containing clusters of two to four micro-RNAs spaced irregu- 
larly within the intcrgenic region. Interestingly, three of the 
clusters contain rnicro-RNA sequences of both, sense and an- 
tiscn.se polarities, a scenario not found in the animal system 
yet. Such variations nt the precursor structures of micro-RNAs 
may point towards distinct mechanisms of biosynthesis of mi- 
cro-RNAs, although all micro-RNAs originate by transcription 
events that are independent of adjacent conventional acnes. 

Apoptosis-Related Micro-RNA 

T he proliferation of tissues and organs of any organism 
requires careful coordination between cell proliferation and 
cellular death. The proliferation processes of a cell include 
active inhibition oi the apoptotic process. Recently, two micro- 
RNA genes, bantam and mir!4, that suppress cell death by 
inhibiting the translation of apoptotic. messages have been iso- 
lated from /). nicliuiogastcr. 1 expression of the bmtuim 2 I -mi- 
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cleotide micro-RNA is temporally and spatially regulated in 
response to patterning cues. The proapoptosis gene hid has 
been identified as a target lor regulation In bantam micro- 
RNA (24). bantam deletion mulants grow poorly and die as 
early pupae, whereas rnirl4 mutants are viable but stress sen- 
sitive and cursed with a reduced life spun. The mirU >up- 
! 1 u i tprcsston Rpr. Hid, ( iru m 

apical caspase Drone (234). mirl4 also regulates fat metabo- 
lism by decreasing the levels of triacylglyccrol and diacylglyc- 
erol. bantam is related to mir80 and mir82 of C. eleganx, indi- 
cating that the mir80 family of RNAs might be involved in 
apoptosis in worms (3.3). Identification of these micro-RNAs 
promises discovery of similar micro-RNAs in other systems 
and reveals the hidden treasure of knowledge relating to mi- 
cro-RNA-eontrollcd biological functions (11). 

Kinship of siRNA- and Micro-RNA-Related Pathways 

Since micro-RNAs are derived from their precursor 
dsRNAs and are similar in size to si RNAs. the biogenesis of 
siRNAs and micro-RNAs is similar. In fact, both siRNAs and 
micro-RNAs are processed by Dicer activities in animals as 
well as in plants (86. 9b, 104, 1 15, 240). Human recombinant 
Dicer can process pre -fer7 RNA to mature let 7 quite efficiently 
in vitro (175). Recent work by D. P. Band's group (181) has 
also shown that cafl (dicer hornologue) mutants of A. thaliana 
fail to process micro-RNAs. The genetic and biochemical data 
point toward interaction between Dicer and the Argonaute 
group of proteins in C. ekgans and D. melanogaster for pro- 
cessing the micro-RNAs (86, 95). The similar interaction is 
possibly also present in plants between Dicer on one hand and 
PNH (zwille/pinhead) on the other to generate plant micro- 
RNAs (83). Additionally, both forms of small RNA, micro- 
RNAs and siRNAs, were found integrally associated with ri- 
boprotcm complexes containing a member of the PIWI/PAZ 
domain family, siRNAs in the RISC and micro-RNAs in the 
microribonudcoprotein complexes (96). 

Fn fact, recent evidence suggests that at least for some micro- 
RNAs, the microribonucleoprotein and the RISC complex 
could be the same entity (103, 137, 139. 182). Though the same 
or similar DCR and subsequent ribonucleocomplexes are re- 
quired to process mature forms of the micro-RNAs, in some 
cases, such as C elegant and and let/, the 22-nucleotide form 
is processed from the 5' part of the stem, and in other cases, 
such as mi/?/ mdiniR5S, maturation results from the 3' part of 
the precursors. Thus, there is a gene .spcciliciiy of micro-RNA 
processing and/or stabilization (126). Since the biosynthetic 
pathways of micro-RNAs and siRNAs are somewhat similar, 
the viral suppressors that inhibit si RNA formation are also 
expected to interfere in the biogenesis of micro-RNAs. A de- 
tailed understanding of this suppression process may unravel 
the he m i n molecular basis < rus induced devel- 
opment-related diseases in eukaryotes, especially in plants. 

An RNA-silencing suppressor, Pl/HC-PRO of t urnip mosaic 
virus, induces a number of developmental defects in the veg- 
etative and reproductive organs of A. thaliana. Many of these 
defects arc reminiscent of observed defects in Dicer-like mu- 
tants of .1 thaliana. The Pl/HC-PRO suppressor interferes 
with the formation of miRlll, and as a result the downstream 
target mRNAs accumulate instead of being cleaved, causing 



developmental errors (113). Thus, it is interesting that the 
court terdefensive strategy of the viruses has evolved not only to 
protect the viral RNA genome f rom the host degradative ma- 
chinery but also to subvert the cellular development program 
in favor of the virus. 

However, it is important to mark the distinctions among 
the patl ways ' I on as well as the activ- 

ities of siRNAs and micro-RNAs, Although over 600 micro- 
RNAs from various organisms have been identified (33). 
only about 3C of them arc fully complementary to the target 
mRNA sequences. All known micro-RNAs are derived in 
vivo from dsRNA precursors which are imperfectly an- 
nealed. Since the biosynthesis and activities of the micro- 
RNAs do not require perfect complementarity, noncanoni- 
cal pathways of RNAi may be involved for the micro-RNAs 
because the usual RNAi calls for extensive complementarity 
of the dsRNA. It is only because of this characteristic mis- 
match between the sequences of micro-RNA and cognate 
mRNA that the in silico identification of the target mRNA 
is so difficult (182). The imperfect nature of annealing be- 

translational repression of the target mRNA (172). 

1 uirt \ ound in the 

single-stranded conformation in nature for some unknown rea- 
son, whereas siRNAs arc double-stranded when detected. 
Third, unlike siRNAs, micro-RNAs enter riboprotein com- 
plexes with differing PPD proteins (PAZ and Piwi domains), 
depending on the specificity of the micro-RNA or its precursor 
with the cognate PPD proteins (86). The sequence or structure 
of a micro-RNA or its precursor might ensure that it functions 
as a translational repressor and not as a trigger of RNAi. It is 
widely speculated that the siRNAs and micro-RNAs are dis- 
tinguished following their biosyntheses. and these two arc then 
allowed to form related but distinct ribonucleoprotein com- 
plexes that target downstream substrates for degradation or 
translation repression, respectively. This hypothesis is based on 
the observation that siRNAs or c > i up( irpii 
RNAs containing even a single mismatch with their substrate 
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all micro-RNAs tested, namely, »uR!67, miRlM. and miR156 
of tobacco, in vivo. This result indicates that the dicing com- 
plexes for si RNA and micro-RNA may not be exactly similar in 
biochemical features, and as a result the biochemical functions 
of the complexes are different in response to this particular 
HC-PRO protein. Lastly, not all RNAi pathway mutants are 
dcvelopmcntally aberrant, whereas micro-RNA pathway mu- 
tants are expected to be defective m organism architecture and 
development. For example, an RNA-dependent RNA poly- 
mcrasc-dcfcctivc mutant of A. iludiana. the sg*2isdel mutant, 
shows defects only in cosupprcssuin phenomena (a form of 
RNAi) but is perfect l\ normal in phenotvpic development (54, 
160). this observation raises the question of whether the 
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RclRP-dependent amplification step is required at all lor mi- 
cro- RN As. 



I uticiioiini ( iassificafions 

A number of micro-RNAs, including lct7. arc conserved 
across all organ i n ighou vi tioi . ut I2':v ot the 
micro-RNAs identified so far in animal systems arc conserved 
at least among nematodes, D. melanogaster, and humans. In- 
terestingly, a majority of the micro-RNAs arc speculated to 
control development-related genes. However, the mechanisms 
of such control are not quite established yet. Micro-RNAs 
probably employ a variety of mechanisms to downregulate 
target genes. Micro-RNAs such as C. ekgans Ihi4 and let? have 
been shown to imperlcctly anneal to the 3' untranslated region 
of the target mRNA. 

A vast majority of micro-RNAs probably belongs to this 
category. Due to imperfect complementarity, some micro- 
RNAs may also anneal to a host of different target mRNAs 
either simultaneously or in a temporally controlled manner. 
On the other hand, there are micro-RNAs, located mostly in 
) rfect ot nearly 

perfect complementarity to the target mRNAs, Such micro- 
RNAs might trigger site-specific cleavage of the mRNA after 
being incorporated into a functional RISC-like complex. In 
such a situation, micro-RNAs act like siRNAs. The A. thaliana 
inflorescence-spv chic small RNA 39 cleaves the middle part of 
mRNA of the ihree scarecrow gene family members in a sim- 
ilar fashion (137). 

tin the basis of nearly perfect complementarity with the 
micro-RNAs, numerous A. thaliana mRNA targets have bum 
predicted, and these targets have also been phyiogenctically 
conserved in rice. Fifteen cleavage-type targets were validated 
recently by in vitro or in vivo tnicro-RNA-guided cleavage 

esa 1'he majo oi « predi s 
members of large family of transcription factors, including 
Phavoluta (Pi IV). Phabulosa (PUB), cup-shaped cotyledon I 
(CUC1), CUC2, etc. These transcription factors are required 
for meristem identity, cell division, organ separation, and or- 
gan polarity (33). On the other hand, mirl72 likely acts in cell 
fate specifications as a translational repressor of APETALA2 
isi , Irahnii </>v;v (lower development (CM. 

1 here arc other varieties of micro-RNA which also interact 
with target mRNAs affecting the posttratiseripl lonal siep.s, 
such as RNA splicing, mRNA localization, and RNA turnover. 
In D. mekmogmhr. many micro-RNAs are known to be com- 
plement, o to he i in r;m d i aioti quence motifs, 
which are responsible for mediating negative posttranscrip- 
tional n — nl itk i 

(CUGUGAUA), the B-rd box (AGCUUUA), and the recently 
found GY box (UGUCUUCC). All micro-RNAs showing 
complementarity to these motifs are expressed either broadly 
throughout development or in the narrow window of embryo- 
genesis of D. melanogaster (124). It is possible to have even a 
fourth class of micro-RNAs, which may serve as guides for 
modification of chromosomal DNA and control the epigenetic 
processes of nuclear genomes (225). 



Genetic Diversity in Species-Specific Biosynthesis 
of Micro-RNA 

The si RNA and micro-RNA pathways closely parallel 
each other. It has been mentioned earlier that the biosyn- 

u i f si! Vs leave in ten t tern — pectfi i 
Hence, system-specific features of micro-RNAs would also 
be of no surprise. I icre, we illustrate some of I hose features. 
In C. elcgn ns, D. melanogaster, and other animals, the Dicer 
proteins responsible for si RNA. formation are also involved 
in the biosynthesis of micro-RNAs: but in A. thaliana, DCL1 
(or CAP I) is responsible for micro-RNA but not for siRNA 
formation (76), Interestingly, the PCI. J mRNA is predicted 
to be a micro-RNA target, indicating that the micro-RNA- 
related apparatus in plants is regulated by a negative feed- 
back loop (233). In plants, P1EN1 is required for both 
si RNA and micro-RNA formation (22). Such a role for 
HEiN.1 orthologucs in other systems is not known yet. Both 
CAF1 and HEN I have nuclear localization sequence sig- 
nals, raising the question of whether plant micro-RNAs are 
made intranuclearly. 

The functions of plant micro-RNAs may be different from 
those of their animal counterparts in some events. The animal 
micro-RNAs act as translational repressors, whereas some 
plant micro-RNAs act on the target mRNA posttranscription- 
ally, like siRNAs (139). In animals, the majority of the AGO 
family members tightly regulate the biosynthesis of micro- 
RNAs (32), whereas in plants, especially A. thaliana, only one 
member of the 10 constituents of the AGO family, Xiwelle, 
alone contributes to the s\ mhesis of micro-RNA. Surprisingly, 
though A. tlmliantt ago I mutants show a strong hypcrmorphic 
phenotype, AOOI protein is not responsible for plant micro- 
RNA formation (22). However, AOOI is required for initia- 
tion of FIX iS. whereas Zwiellc is not. Recently. Vauchcrt et al. 
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mulations of pre-miero-RNA are never detected in Diccr-tlc- 
fectivc cafl mutants (171). However, the pre-micro-RNAs ac- 
emmihite to a higlici level m ( ', elegtms and mctazoans in which 
Dicer activity is abolished or reduced (86). Very few Arahidop- 
sis micro-RNAs belong to group It, including the micro-RNAs 
mi ft J 76, -177, -178, and /?<■>. the prc-micro-RNA transcripts of 
which arc. however, detectable. The levels of these precursor 
transcript's do not change in cither the cafl or herd mutant 
background. Such facts indicate that even within the same 
plant, the biosynthesis pathways of micro-RNAs might vary 
depending on the particular micro-RNA. The tissue specificity 
of micro-RNAs is well known. Hence, micro-RNAs specific to 
tissues that are unique either to animals (e.g., brain) or plants 
(roots, for example) might exemplify variant pathways of bio- 
synthesis of micro-RNAs. 

The discovery of micro-RNAs has been branded one of the 
top discoveries in developmental molecular biology. The sur- 
vey of micro-RNAs is still at a (.unsaturated stage. The future 
will witness the discovery oj hundreds of new micro-RNAs and 
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their corresponding mRNA targets, and the mysteries of de- 
velopmental pathways I torn embryojtcnesis io adulthood will 
be unfolded. 



SMALL-RNA-MED1ATED EFFECTS ON 
CHROMOSOMAL DNA 

The siRMAs work not only at the posttranscriptional stage 
but also leave their indelible marks or. the genomes to repress 
the gene transcription activity or selectively remove portions of 
i ii iji Ih mining il 

eries have been reported only in the spun of the last 2 years, the 
detailed mechanisms of which are still to be revealed and have 
been reviewed in two recent articles (57, 1.09). In the present 
review, we describe these efteets briefly with special emphasis 
on plant systems, since die gem ics and biochemistry of some 
of these processes are better illustrated in plants. 

Broadly speaking, the siKNAs bring about three different 
biochemical end products with the chromatin DNA: DNA 
methylatiou, as revealed mostly in plant systems; heterochro- 
matin formation: and programmed elimination of DNA. DNA 
methylabon had been reckoned a major source of transcrip- 
t i gene sii ing U tS i 1 ft had: 

been viewed very distinctively from PTGS in the past. But 
recent developments haw caused a blurring in the identity 
between these two pathways (218), and some of these devel- 
opments will be highlighted below, flic discoveries of such 
cpigenetic changes have ignited a revolution not only in the 
field of gene regulation but also in gene manuenancc and gene 
evolution. 

RNA-Dependenl DNA Mcthylation 

A role for RNA in guiding de novo cylosinc mcthylation of 
homologous DNA sequences was first discovered in vinod- 
infectecl plants and subsequently also in nonpathogenic plant 
systems (194). When t RNA dc tion mcdi d PTGS 
occurs in plants, die genomic DNA regions homologous to 
dsRNA are often Sound methylated at almost all the sensitive 
cyiosinc residues, f his process is generally referred to as RNA- 
dependent- DNA melhylauon and the corresponding pan of 
the genome, especially the promoter region might remain tran- 
scription illy S! I ill I I N H i l i v 
methylation/TGS could be either the transgene-derived 
dsRNA or the consequent si RNA (I It!, Ill, 214). Depending 
on the sequence information of the dsRNA, RNA-dependent 
DNA roethyhition was sound to occur at the open reading 
frame and/or the promoter region of the genome (10, 149). If 
mcthylation occurred only at the open reading frame. T( IS did 
not result. However. RNA-dependent DNA mcthylation at the 
promoter sequences induced TGS, which, unlike PTGS. was 
stable and heritable (98). RNA-dependent DNA mcthylation 
within the host genes has also been found to occur preponder- 
antly during virus-induced gene silencing, a type of RNAi that 
i i in I by plain i\ 1 s i , n ] i i in i I 
host genes, as has been described earlier (214). 

It was demonstrated dial the movement of transposons was 
controlled by transcriptional uipprcooon il(JS) and that 
mcthylaliou also played a role in this --upprcsion. depending 
on the nature of the transposon (226). In animals and lower 



plants, siRNAs corresponding to the transposablc elements 
were discovered and cloned earlier (9, 232), and in A. thaliana 
and Siaiiuma species, da mRNAs corresponding to retroele- 
mcnls have recently been discovered (94). These siRNAs are 
perhaps responsible for the methvlanon of the homologous 
DNA. 

There are also conflicting data in the literature concerning 
the cause-and-effect relationship between PTGS and DNA 
mcthylation. In some examples, there is no correlation fc- 
tween P1(,S and DNA n l h.u ii< i ( In , t 1C r v. u>K s 
mentioned earlier, the correlation is wrong (137). Uave ct ah 
(137) showed that a viral protein. HC'-PRO, that suppresses 
PTGS/RNAi. when introduced into (JDS-silenced tobacco, in- 
hibited the maintenance of small RNAs and caused a concom- 
itant decrease in mcthylation of the (JDS sequence in the plant 
genome. This study suggested that DNA mcthylation of the 
silenced gene could be directly correlated with PTGS. How- 
ever, in a contrasting study carried out by Mctte ct al. (153), 
HC-PRO w;ts found to increase the mcthylation of a target 
promoter DNA when gene silcncim; was induced by the pro- 
moter dsRNA. The later study also revealed that the amount 
of promoter si RNA was elevated fivefold in the presence of 
HC-PRO. 'I ' > 1 > lud ' ' 

the level of target DNA mcthylation is directly related to the 
amount of siRNA present in the ceil, and thus she apparent 
differences between these observations can be resolved, in 
other words, the availability of si RNA may determine the level 
of RNA-dircctcd DNA mcthylation. in 'the events of RNA- 
dependent DNA mcthylation. the chromodomam containing 
DNA methylases acts cither alone or in combination with 
other proteins, such as pi oi um iiei ol i com- 
plexes with the siRNAs and cause sequence-specific RNA- 
dependent DNA mcthylation, finally resulting in TGS (10). 

Evidence of cross talk between PTGS and TGS has been 
obtained from the mutational analysis of A. ifialiana and IX 
melanogtisier. I 'wo types oi A. ihuluma mutants. Mini (defi- 
cient i 1 D\ \ n at i i a i n re I i u, ^ isc 
were isolated from a screen ol mutations causing a reduction in 
global mcthylation of the genome. The locus (him I encodes an 
SNF2/SW12-!ike chromatm-modeling protein, whereas MET1 
is a major DNA methyl! i sins(cr:oe. Moth oi these mutants 
exhibit marked reduction in PTGS activity, as measured by the 
accuriHilation ol transgenic transcripts (Hi. 218). Although the 
patterns of reduction are different with these mutants, these 
studies highlight the stroma correlation between P'l'GS and 
TGS. 

In I), mchmn^astcr. polycomb proicin-dcpcndcnt TGS is also 
alfected by mutations in P1W1. a family of proteins required for 
RNAi (169). Other evidence includes the argommic-l gene of A. 
ihuluma. which controls both locus-specific si RNA accumula- 
tion and DNA methylatiou (241): the Ambldop-as sdc4 locus, 
which is of unknown biochemical function but is responsible 
for (relroclement TS SINE-specihc) si RNA formation (94); 
and the {mbhhpsh rtsl (RNA-mediated transcription silenc- 
ing) mutation, which causes a SO 1 f reduction in target pro- 
moter DNA mcthylation (10). However, not all TGS mutations 
affect the P'l'GS pathways and vice versa, suggesting that the 
two pathway-, divorce at some point (2 IX). 

RNA-dependent DNA mcthylation has been reported only 
in plants until now. Aufsatz ct al. (10) have also shown that 
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asymmetric non-CpG methylation is mostly affected by RNA- 
dcpcndent DNA meth\laiion. but the existence of non-CpG 
n f i in n .11 j' . Is h un i ill t > t i 

Mammalian DNA is methylated mostly at symmetric Cp(. or 
CNG sites 1 1\ v t u<- 1 i i v i\ v >. m „ k e 1 
even using ,i c! i l mi i n ■ i i i hmgi e j u u 
bisulfite genomic sequencing methods. Ran^ahoye et al. ( i 77) 
found that the genomes oi embryonic stem cells but not that of 
somatic tissues harbored non-CpG mcthylation. which ac- 
counted for 15 to 20C of total cytokine mcthylation. This 
mcthylation is perhaps caused by the meihvlase Dnmt ha. 
winch is highly expressed in embryonic stem cells but poorly 
expressed in somatic tissues (170). Other studies have also 
revealed that in D. melanogastcr and mammals. non-CpG 
methylation is an early embryonic event (.10), and this meth- 
ylation can be catalyzed by Dnmt 2. which is priinai hy active al 
the initial stages of development (Mag, 

In the ibm ii 1 Is ics. I )we> no connection 
between non-CpG methylatioi: and any honioiogous RNA has 
been shown. Hence, if RNA-dependent DNA methylation oc- 
curs at all in animals, it might be limited to the early develop- 
mental stages when the effector proteins may be found in 
abund mee In 1 methyiation is 

observed throughout plant development, implying the contin- 
uous availability of the appropriate plant DNA methyltrans- 
ferases. This feature also explains the ease oi RNA-dependent 
DNA methylation detection in plants (10). 

Heteroehroiiialin i ormatiia) 

! . en for organisms in which RNA-dependent DNA mcth- 
ylation is supposedly absent, there is growing evidence that 
RNAi processes cause chromatin modilieations leading, to 
TGS. This evidence reveals that the connections between TGS 

example, in C. elegans. in which DNA methylation has not been 
detected, some PTGS mutations, namely mull and nh'2, dere- 
press transgenics which arc affected by polycomb-depcndent 
TGS (203). The polycomb group of proteins are known to keep 
the chromatin in the closed or compact conformation. Con- 
versely, it has also been found recently that the polycomb 
proteins MES3, MKS4. and M1-.S6 are required for RNAi. al 
least undei some experunenla! conditions (65. 121 g 

Generally, in eukaryotic systems, histone modifications 
make the chromatin structure inert to transcription by hetero- 
clu omatin formation, w hich is modulated gi catly by the RNAi 
processes, as recent discoveries have revealed. In almost all 
organisms heterochromaiin formation requires that histone 
H3 of the chromatin be deacetylated and then methylated at 
lysine 9. The SET domain ol a special group of histone meth- 
yltransferases carries out this function. This methylated lysine 
is subsequently bound >\ t hett ati binding protein, 

HP1. The binding of the chromodomain containing HP1 to 
Met H3-K9 is highly specitic and of very high affinity ( 12). This 
binding may be followed by muhimerization oi HP! and com- 
plex formation with other chromatin-i emodeling proteins. As a 
result of this inuh leomplex formation, the chromatin becomes 
condensed and locked in a transcriptionally repressed hetero- 
chromatic state. 

Once formed, the heteroehroiiialin spreads a large distance 



due to cooperative protein-protein interactions of chromatin- 
remodeling factors, the components of which have not been 
fully identiiied vet. However, these .structures are generally 
initiated tit places ..onuming repeated DNA sequences, for 
example, centromere, telomere, mating locus, and elsewhere in 
the genome containing repetitive DNA in the to a ye i 
Schizi" K'lii' , mu, • go;,/ ■ i i i ksc mpeats m, k pi nsmL 
for producing dsRNAs, which are processed by the RNAi 
machinery. D. J'. Band's group has discovered abundant spe- 
cies of centromeric repcat-spccikc siRNAs from V. pombe 
(180). Volpe et al. (223) demonstrated that these siRNAs are 
blocked and instead, large noncoding RNAs ("1.4 to 2.4 kb) 
homologous to the centromere repeats accumulate in dcrl , 
ago!, and rdrpl mutants of S. pombe. These mutant cells also 
do not show the heterocliromatm-medialed silencing of a 
iira-f gene inserted into the outer and inner repeats that Hank 
the central core ot the centromeies. A corresponding reduc- 
tion in Met-H3 K9 is also observed in the outer repeats of 
these mutant cells (223). This loss in gene silencing is pheno- 
typically similar in cells lacking the histone mcthyltransJ'cnise 
(ch4) or the HPMikc (.vir/6) activity. 

That the DNA repeats arc central to the RNAi-likc process- 
ing of dsRNA and concomit mt heterocl 
was clearly established by the findings of Hall and colleagues 
(89), who inserted a 3.6-kb centromere H repeat, normally 
present at the silent mating type domain, in a dichromatic 
position (ura4 locus). The introduction of this repeat was suf- 
ficient to turn on the silencing of a linked reporter acne, and 
induce H3-K9 methylation and recruitment of HP! -like factors 
(Swi6) (89). The link between the RNAi machinery and het- 
erochromatin formation has also been established by a recent 
finding in A. iluilianu. Prom a large screen of mutants, Zilber- 
man et al. (241 ) found that the ogo-1 gene is responsible tor the 
RNAi-relatcd silencing of the A, thaliuna superman gene, 
which is implicated m llower formation. The ape 4 I munition 
reactivates the silent superman allele and decreases non-CpG 
as well as H3-K9 methylation. Significantly, the same mutation 
also blocks DNA methylation and the accumulation of siRNA 
corresponding to the retroelement at SN1 (241). 

The above-mentioned facts are put together in a model (Fig, 
3) showing a link between si RNA and heterochromaiin forma- 
tion. In the wild-type scenario, one strand of the centromeric 
legion is coiisututivch expressed, whereas the complementary 
strand, which is subjected to heterochrotnatic repression, is 
occasionally transcribed (57). Such transcription will lead to 
the formation of dsRNA, which will be processed by the RNAi 
machinery. This processing might even be a nuclear step, since 
a component of this machinery, the RdRP, was found to be 
physically bound to the (niter repeats of the centromeric region 
in a chromatin imniunoprecipittition assay (22.3), The siRNA 
thus formed might enter a complex containing the histone 
methyltransferase enzyme. This complex could be a nuclear 
equivalent of the RISC complex (Nu. RISC of Fig. 3) lacking 
nuclease activity (98). Such a complex would be guided to the 
appropriate DNA region following the DNA-RNA base pair- 
ing rules, and the historic 1 13-K9 of the region might be meth- 
ylated to eventually generate the hetci oehronnitin structure. 
Since RdRP is found locally, the spread of the heterochromatie 
structure may be associaied with the extension of the 3' end of 
the siRNA primer, it has also been shown in ;V. erassa and ,-1. 
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thaliana that H3-K9 methylation directs DNA methylation 
( 107, 7D!}. The methylated DNA could be complexed further 
with the methyl-binding proi sns. I oMowing these binding 
events. t : H chromatin structure will be extremely compact and 
cond 1 ud \ mid if. ui tin ii in 

DNA Elimination 

The most dramatic effect of siRN.Vmediuted heterochro- 
matin formation followed by chromosomal DNA elimination 
and rearrangement has been recorded in the ciliated proto- 
zoan Tetrahytw mi pyrii'ormn (776, (if)). Among unicellular 
organisms, T. j/yrifomiis is unique because of its nuclear dimor- 
phism. The two nuclei, the micronuclcus and macronucleus, 
serve ililt, rent tunetions. The polyploid macronucleus is the 
transcription center of the cell during vegetative growth, 
whereas the diploid and tran-ei iptiouallv inert micronucleus 
acts as the germ line nucleus. During conjugation. 7:c micro- 
nucleus gives rise to the macronucleus, and this transition is 
accompanied by two interesting and peculiar recombinant 
events. First, approximately 6.000 internal eliminated se- 
quences of five pairs of micronucleus chromosomes, account- 
ing for about 15% of genomic micro-DNA, arc removed. Sec- 
ond, the remaining parts of these chromosomes are broken 
into 200 to 300 minichromosomes concomitant with the dele- 
tion of ■ 50 nucleotide breakage eliminated sequences. The 
mechanisms of removal of internal eliminated sequences and 
breakage eliminated sequences remained v.usive for a long 
time but were recently unveiled, courtesy of the awareness of 
the siRNA world. 

Mochizuki ct al. (156) showed that in wild-type cells of 
Tetmhytnenu pvnjanius. siRNAs of about 2ft to •■■ 31 nucleo- 
tides were produced which hybridized to micronuclear 
genomic DNA and not the macronuclcar DNA. indicating that 
these siRNAs could be internal eliminated sequence. breakage 
eliminated sequence-specific and are referred to as scan 
RNAs. These scan RNAs were not made in twit mutants, and 

>ro fii i i fed sequi i 1 

inated sequence elements was also impaired by the twil mu- 
tation, /u 1 // produces a Piwi-related protein during the sexual 
cycle anil can transmit the RNA-encoded information from the 
micronucleus to the old macronucleus and finally to the new 
macronucleus to mark the sequences to be eliminated (57). 
The defect in accumulation of the scan RNAs in the twil 
mutant was similar to the case of another mutant, pddl (15ft). 
In a related report, Taverna et al. (206) showed that the pro- 
tein 1'DDI was the effector protein for DNA excision and that 
PDD1 along with Met H3-K9 was associated preferentially 
with the in ten t I it i iiukd.se 
quence elements m the new macronucleus that developed front 
the micronucleus during the sexual cycle. PDD1 contains two 
o do 5 i hi s RN inding domain (3). 

The above data and the model presented in the earlier 
section lead to a straightforward and interesting scheme for 
programmed DNA degradation in Temhyinma piriformis. The 
bidirectional transcription thai occurs across the internal elim- 
inated sequence repeats (3go may form the dsRNA, which 
would give rise to the scan RNAs following the action of 
RNAi-relatcd Dicing complexes that perhaps also include the 
Twil and PDD proteins. These scan RNAs eventually may be 
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mechanism that control- genome-wide DNA arrangements 
and provides genomic surveillance against, invading foreien 
DNAs. 

Thus, the Tftmlnmetw pyrifonnh as well as .V. pombe data 
show how dramatic the epigenelic consequences of the ge- 
nome could be following the foonaiion of siKNA molecules in 
cells. Discovery of the link between the RNAi processes and 
the epigenetic chromatin modification as well as chromosome 
behavior is probably the most tascinating and novel face of 
regulation ot gene silencing mechanism. The RNAi machinery- 
is reported to control many explosiv e features of cellular biol- 
ogy, namely stem cell maintenance (53 s. cell fate determina- 
tion (21), nonrandom chromosome segregation (188). etc. A 
recent report established that the fission yeast RNAi-rclated 
genes ngoJ, dcrl, and rdpJ also control the fidelity of chromo- 
some segregation during mitosis and mciosis. As discussed 
earlier, these gene products arc required to maintain centro- 
meric silencing. The report also demonstrated that the chro- 
mosome Desegregation of the RNAi mutants occurred due to 
the loss of eentromeric cohesion, suggesting a clear ink be- 
tween eentromeric silencing and cohesion. This report broadly 
hinted that she regulation of chromosomal dynamics could be 
largely traced to the natural RNAi biology of the eukaryotie 
cells (90). 

It is not difficult to imagine that we might witness RNAi- 
relatcd unifying signals in diverse chromosome behaviors, 
< nosonic i satellit 

tion 

matin diminution in ascarid nematodes, nuclear dominance m 
plants, and so on in the not so distant future (57). 

APPLICATIONS OF RNAi 

Resides being tin area os intense, upfront basic research, the 
RNAi process holds the key to future technological applica- 
tions. Genome sequencing projects generate a wealth ot infor- 
mation. However, the ultimate goal of such projects is to ac- 
celerate the identification of the biological function ot genes. 
The functions of genes can be analyzed with an appropriate 
assay, by examining the phenotype of organisms that contain 
mutations in the gene, or on the basis of knowledge gained 

1 ik 1 n it a n i s ; 1 s _ 

a significant fraction of genes identified by the sequencing 
projects are new and cannot be rapidly assigned functions by 
these conventional methods. 

RNAi technology is proving to be useful to analyze quickly 
the functions of a number of genes in a wide variety of organ- 
isms. RNAi has been adapted with high-throughput screening 
formats in C. elegant, for which the recombination-based gene 
knockout technique has not been established. Chromosomes 1 
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and III of C. dedans have been screened by RNAi to identify 
the genes involved in cell division and embryonic development 
(82, 84). Recently, a large-scale functional analysis ol •• 19,427 
predicted genes i f C. chgam was carried oui with RNA inter- 
ference. This study identified mutant phenotypes for 1,722 
genes (112). Similarly, m /). mettmogmh'r. RNAi technology 
has been successfully applied to identify genes with essential 
roles in biochemical signaling cascades, embryonic develop- 
ment, and other basic cellular process (44). In plants, gene 
knockdown-related functional studies are being carried out 
efficiently when transgenics arc present in the form of hairpin 
(or RNAi) constructs. Plant endotoxins could also be removed 
if the toxin biosynthesis genes are targeted with the RNAi 
constructs. Recently, the theobromine synthase ol trie coffee 
plant was knocked down with the hairpin const met of the 
transgene. leading to the production of decaffeinated coffee 
plants (166). Virus-induced gene silencing has also been 
proven to be a successful approach for plant genetics (15). 

(riven tlie fact thai RNAi is easy to apply, whole-genome 
screens by RNAi may become a common method of choice in 
the near future. RNAi may facilitate drug screening and de- 
velopment by identifying genes that can confer drug resistance 
or genes whose mutant phenotypes are ameliorated by drug 
treatment, providing information about the modes of action of 
novel compounds. Although RNAi is unlikely to replace the 
existing knockout technology, it may have a tremendous im- 
pact for tiiose organisms that are not amenable to the knock- 
out strategy. It may also be a method of choice to study the 
simultaneous functions ol a number of analogous genes in 
organisms in which redundance exists with respect to a pai oc- 
ular function, because many of these genes can be silenced 
simultaneously. 

Given the gene- specific leaf tires of RNAi, it is conceivable 
that this method will play an important role in therapeutic 
applications. Since siR.NAs direct cellular RNAi biology, these 
are potential therapeutic reagents because of their power to 
downregulate the expression pattern of mutant genes in dis- 
eased cells. However, central to this hypothesis is the assump- 
tion that the effect of exogenous siRNA applications will re- 
main gene specific and show no nonspecific side effects relating 
to mismatched off-target fiybndi/.ation, protein funding to nu- 
cleic acids, etc. Though it was demonstrated that mismatches 
of more than even one nucleotide within the 19- to 20-mer 
siRNAs effectively disrupted proper degradation of the target: 
mRNA (68), the gene specificity of siRNAs needs to be con- 
firmed on a genome-wide scale. 

Recently, Chi et al. (41) reported that the GFP siRNA- 
induced gene silencing of transient or stably expressed GFP 
mRNA was highly specific in the human embryonic kidney 
(HEK) 293 ceil background. The specific silencing did not 
produce secondary changes in global gene expression, as de- 
tected by the DNA microarray experiment. They also failed to 
detect the presence of transitive RNAi in experimentally en- 
gineered human cell lines (41). In their own experiments, 
Seniizarov et ah i I'M)) reached a similar conclusion while using 
siRNAs corresponding to aki I , rbl, and plkl in the human 
non-small cell i carcinoma II In II 1 I he sc experi 
orients prove that siRNAs could be used as highly specific tools 
for targeted gene knockdown and can be used in high-through- 
put approaches and drug taiga i validation. This exquisite se- 



quence-specific effect of siRNAs has also been exploited in 
silencing the mutant allele of the diseased gene while not 
affecting the wikl-t\|>e allek of the healthy vea sum oi die same 
gene (158). 

siRNAs have been shown to inhibit infection by human 
immunodeficiency virus, poiiovirus. and hepatitis C virus in 
cultured cell fines (152). Bnko and Barik (19) successfully used 
siRNAs to silence genes expressed from respiratory syncytial 
virus, an RNA virus that causes severe respiratory disease in 
neonates and infants. siRNA treatment has also been shown to 
reduce the expression of the BCR-ABL oncoprotein in leuke- 
mia and lymphoma cell lines, leading to apoptosis in these cells 
(230). With respect to future medical applications, mRNA- 
based therapy seems to have a great potential to combat car- 
cinomas, myeloma, and cancer caused by ovcrexpression of an 
oncoprotein or generation of an oncoprotein by chromosomal 
translocation and point mutations ('21 f ). 

Recently, the therapeutic potential of the siRNA technique 
has been demonstrated m vivo in mouse models. McCaffrey et 
al. (151) and Song' et ah (199) demonstrated effective targeting 
of a sequence from hepatitis C virus and the fas gene bv RNA 
interference in mouse liver (199). An cpiallelic series of p53 
hypomorphs created by RNAi have been shown to produce 
distinct tumor phenotypes in mice in vivo, suggesting that 
RNAi can stably suppress gene expression (99). Song et al. 
(199) have shown that treatment with fas siRNA abrogated 
hepatocyte necrosis and inflammatory infiltration and pro- 
tected mice from lis or fibrosis and fulminant hepatitis. Rubin- 
son et al. (184) showed highly specific, stable, and functional 
silencing of acne expression in transgenic mice with the lenfi- 
virus system for the delivery of siRNAs. 

Although the delivery of siRNAs to a proper site remains 
problematic for gene therapy, chemical modifications of 
siRNAs such as changing the lipophilicity of the molecules or 
the methods previously developed lor the application of anti- 
sense oligonucleotides or nuclcase-resistant ribozymes might 
help the entry and stability of siRNAs within the transfected 
cells or tissues. The absence of specific micro- RNAs has been 
demonstrated in carcinoma ceils, implying that cancer devel- 
opment could be arrested In introduction of the missing inicro- 
RNAs. The micro- RNAs could be supplied in the form of 
siRNAs. since she function of imcio-RNAs can be mimicked by 
the exogenous si UN V. (62). However, independent of ns bio- 
medical applications, RNAi appears to be a forthcoming 
method for functional genomics. 

CONCLUDING REMARKS 

In the footsteps of the discovery of tile double-helical struc- 
ture of DNA. some outstanding discoveries have been re- 
corded, but few of them really match the explosive content and 

lication of dsRNA-med 1 i 

gy-dependent silencing has established a novel paradigm with 
far-reaching consequences in the field of transcription regula- 
tion. The regulatory mechanism offers cellular protection 
against parasitic nucleic acid sequences, carries out epigenetic 
as well as genetic alterations on the one hand, and governs 
organisms architecture, and development on the other. Capi- 
talizing on the basic principles of silencing, large-scale func- 
tional genomics have come into play in diverse organisms. 



Vol. 67. 2003 



RNA INTFRH RI.N( '] 6S 1 



Studies conducted at the laboratory level have revealed the 
tremendous power of si RN As us therapeutics and have dem- 
onstrated the potential of miero-RNAs to reverse cellular de- 
velopmental aberrations. 

The new paradigm has a lot more to offer than it has deliv- 
ered already. 'I he stepwise detailed mechanic) of RNAi and 
its related processes in w aiting to be explored. The rationale for 
many unexplained genetic findings of RNAi in worms, plants, 
and other organisms will be revealed in the wake of further 
mechanistic discoveries. The cytoplasmic location of RNAi is 
evident, but the evidence of nuclear connections of RNAi and 
related events are also too many. Surprisingly, there arc some 
components of RNAi, GEMIN3 and GEMIN4 of humans, 
which partition in both the nuclear and cytoplasmic eon part- 
merits. Hence, cl inflection ol the subcellular locations of the 
RNAi processes is required. Hopefully, the detailed biochem- 
ical framework ol RNAi would provide such clarifications. 

As we gain more insight into the mechanisms, more effective 
methods for analysis of gene lunclions ma\ evolve. We may 
learn more about geriatrics, nervous diseases, genetic imprints, 
nuclear dominance in plants, and so on and thus might wield 
control over such processes in the future. Meanwhile, the 
knockdown tee ght im tl\ i 

signed plasmid- or virus-based vectors for delivery of siRNAs 
to the appropriate tissues at the appropriate time. Such tech- 
nology is bound to give a new shape to therapeutic gene si- 
lencing as well. 1 he science and technology of RNAi has given 
us a cultural ocean of virtually bottomless depth. 
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■ REVIEWS 

RNA Interference in Functional Genomics and Medicine 



RNA interference (RNAi) is the sequence-specific gene silencing induced by dou- 
ble-stranded RNA (dsRNA). Being a highly specific and efficient knockdown tech- 
nique, RNAi not only provides a powerful tool for functional genomics but also holds 
a promise for gene therapy. The key player in RNAi is small RNA (~22-nt) termed 
siRNA. Small RNAs are involved not only in RNAi but also in basic cellular pro- 
cesses, such as developmental control and heterochromatin formation. The inter- 
esting biology as well as the remarkable technical value has been drawing wide- 
spread attention to this exciting new field. 
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INTRODUCTION 

The RNA interference (RNAi) pathway was originally re- 
cognized in Caenorbabditis elegans as a response to double- 
stranded RNA (dsRNA) leading to sequence-specific gene 
silencing (1). It soon turned out that RNAi is not restricted 
i nduced in Drosophila (2), Trypanoso- 

d verti i 1 mi: lar phenon 1 been o 

erved in pi i «i ' ' > ;j lien ntrodi » fexc enou 
transgenes silenced expression of the endogenous loci (5). These 
phenomena were called co-suppression (also termed post-tran- 
scriptional gene silencing, PTGS) and quelling, respectively. 
1 later to be mediated by dsRNA 

as a guide molecule, establishing a mechanistic link to RNAi. 
This wide range of silencing pathways including RNAi, co- 
suppression (PTGS), and quelling is now collectively called 
RNA silencing and appears to be present in most, if not all, 
eukaryotic organisms. The common key player in RNA silenc- 
ing is small RNA of 21-28 nucleotides (nt) in length. Two 
classes of small RNAs are involved in RNA silencing: small 
interfering RNAs (siRNAs) and microRNAs (miRNAs). 

Because of the exquisite specificity and efficiency, RNAi has 
drawn much attention as a powerful gene knockdown tech- 
nique. Previous knockdown techniques, such as antisense ol- 
igonucleotides and ribozymes, usually show low efficiency in 
vivo and require empirical screening of a number of candidates 
before acquiring effective molecules (6). SiRNAs used for 
RNAi can inhibit gene expression over 90% in most genes. 
Although a guideline for constructing the best siRNA is not 



established yet, testing 3-4 candidates are usually sufficient 
to find effective molecules. Technical expertise accumulated 
in the field of antisense oligonucleotide and ribozyme is now 
being quickly applied to RNAi, rapidly improving RNAi 
techniques. 

InthisrevL t , 1 \ , r 

silencing will be discussed. I will also describe current RNAi 
techniques and overview the current applications of RNAi in 
functional genomics and gene therapy. 



SiRNA AND RNAi 

RNAi is mediated by small interfering RNAs (siRNAs) 
that are generated from long dsRNAs of exogenous or endoge- 
nous origin (7-10). Long dsRNAs are cleaved by a ribonu- 
clease III (RNase III ) type protein Dicer. Dicer homologues 
can be found in S. pombe, C. elegans, Drosophila, plants, and 
mammals, suggesting that small RNA-mediated regulation 
is evolutionarily ancient and may have critical biological roles. 
SiRNA generated by Dicer is a short (~22-nt) RNA duplex 
with 2-nt overhang at each 3' end (Fig. I). Each strand con- 
tains a 5 ' phosphate group and a 3' hydroxyl group. SiRNA 
is incorporated into a nuclease complex called RISC (RNA- 
induced silencing complex) that targets and cleaves mRNA 
that is complementary to the siRNA. The initial RISC con- 
taining a siRNA duplex is still inactive until it is transformed 
into an active form (RISC*) (11), which involves loss of one 
strand of the duplex by an RNA helicase activity. The iden- 



\ ". ■ " " 



(1) dsRNA cleavage 
siRNA 

(2) RISC formation 



(4) mRNA cleavage 
mRNA 5 



Fig. 1 . Current model for RNA interference. RNAi process can be 
divided into four stages: (1 ) dsRNA cleavage by Dicer and gener- 
ation of siRNA duplex, (2) recruitment of RNAi factors and forma- 
tion of RISC (RNA-induced silencing complex), (3) siRNA unwind- 
ing and RISC activation, and (4) mRNA targeting and degradation. 



city of the RNA helicase is currently unknown. Dicer has a 
conserved helicase domain but it remains to be seen whether 
Dicer actually catalyzes this reaction. 

Biochemit i ng Di lila S I cxti 

human HeLa cell extracts revealed the presence of argonaute 
family proteins in the RISC. Argonaute-2 (AG02) was found 
in Drosophila and two isoforms of eIF2C (eIF2Cl and eIF2C2) 
in human. Argonaute family proteins are ~100-kDa highly 
basic proteins that contain two common domains, PAZ and 
PIWI domains (12). PAZ domain consisting of -130 amino 
acids is usually located at the center of the protein. The C- 
terminal PIWI domain containing -300 amino acids is high- 
ly conserved. The functions of these domains are largely un- 
known but the PIWI domain of human eIF2C was recently 
shown to be essential for its interaction with Dicer (13). Deple- 
tion experiment of the eIF2C proteins by RNAi showed that 
they are required for RNAi (13). The biochemical functions 
of argonaute family proteins are still unclear. 

The identity of the nuclease that executes the cleavage of 
mRNA remains elusive. Partially purified human RISC is 
estimated to be between 90 and 160-kDa leaving little room 
for an additional protein except for eIF2C (14). Genetic stud- 
ies of C. elegans, Drosophila, Neurospora crassa and plants reve- 
aled several other genes that may be involved in RNA silenc- 
ing although their biochemical roles remain to be determined. 

Persistent RNAi has been observed in C. elegans (15) and 
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Fig. 2. A model for miRNA biogenesis and function. miRNA genes 
are transcribed by an unidentified polymerase to generate the pri- 
mary transcripts, referred to as pri-miRNAs. Illustrated in the upper 
left is the clustered miRNA such as miR-23~27~24-2 of which the 
pri-miRNA is polycistronic. Illustrated in the upper right is the miRNA 
such as miR-30a of which the pri-miRNA is monocistronic. The first- 
step processing (STEP 1) releases pre-miRNAs of ~70-nt that is 
recognized and exported to the cytoplasm. The processing enzyme 
for the STEP 1 and the export factor are unidentified. Upon export, 
Dicer and possibly other factors participate in the second-step 
processing (STEP 2) to produce mature miRNAs, The final prod- 
uct may function in a variety of regulatory pathways, such as trans- 
lational control of certain mRNAs. The question marks indicate 
unidentified factors. 



N. crassa (16) but not in D. melanogaster (17) and mammals 
(18). RNAi in C. elegans can be transmitted to the progeny 
(Fl) although the effect gradually diminishes. RNAi in human 
cells is transient and ususally lasts less than five doubling times. 
It was reported that SiRNAs are amplified by RNA-depen- 
dent RNA polymerase in nematode and fungi, while flies and 
mammals seem to lack this enzyme. 



MicroRNA AND GENE SILENCING 

Hundreds of small RNAs have been recently found in hu- 
man as well as in C, tk ' w, / tcr and plants (19- 
29). These RNAs, termed microRNAs (miRNAs), are indis- 
tinguishable from active siRNAs in their biochemical proper- 
ties. They are ~22-nt in length and contain 5 ' phosphate and 
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(A) Long dsRNA (B) Synthetic siRNA (D) Plasmid-based (E) Virus-based 




Fig. 3. Various strategies of RNAi in mammalian cells. (A) Long dsR- 
NAs can induce specific RNAi in certain cell types such as oocytes 
and embryos. Injected dsRNA is converted to siRNA in the cell. (B) 
Chemically synthesized siRNA can be efficiently transfected into 
a variety of cells using lipophilic reagents. (C) SiRNA can be pre- 
pared in vitro from dsRNAs using recombinant Dicer protein. Diced 
RNAs are purified based on their size (~21-nt) and transfected into 
cells. (D) Short hairpin RNAs (shRNAs) are expressed in the nucle- 
us from expression plasmids. The pol Ill-derived expression sys- 
tem is shown here as an example. Upon export, shRNAs are pro- 
cessed by Dicer releasing siRNAs. (E) ShRNA expression cassette 
can be delivered by viral vectors such as retroviral vector, lentivi- 
ral vector, and adenoviral vector. 

3' hydroxyl group. An interesting common feature of mi- 
RNAs, which is not shared by siRNAs, is that mi RNA se- 
quences are found in the stem of a stem-loop structure (19- 
22) (Fig. 2). The stem-loops are usually imperfect hairpins of 
over 70-nt with some bulges and internal loops. Recent stud- 
ies showed that miRNAs are transcribed as long primary tran- 
scripts (pri-miRNAs) that are trimmed into the characteris- 
tic ~70-nt stem-loop forms (pre-miRNAs) (30) (Fig. 2). This 
initial processing occurs mainly in the nucleus (30). The 
identities of RNA polymerase and the nuclear processing 
enzyme have not been determined yet. Pre-miRNAs of 
~70nt stem-loop get exported to the cytoplasm and sub- 
jected to the second processing to generate the final product 
of ~22-nt mature miRNAs. Dicer, the siRNA processing 
enzyme, executes the processing of ~70-nt RNAs into mature 
miRNAs (31-34). 

The paradigm for the function of miRNAs has been orig- 
inally provided by lin-4 and let-7 RNA, which were identi- 
fied by generic analysis of C. elegans developmental timing 
(35, 36). They were initially called small temporal RNAs 
(stRNAs) because of their temporal expression pattern and 
their roles in temporal regulation, lin-4 and let-7 RNA act 
as post-transcriptional repressors of their target genes when 
bound to their specific sites in the 3' untranslated region of 
the target mRNA (35, 37-40). The level of target mRNA does 
not change, suggesting that the inhibition occurs at the level 
of translation. Recently, bantam RNA from Drosophila has 



been found to suppress apoptosis and stimulate cell prolifer- 
ation by inhibiting translation of hid mRNA (41). bantan 
RNA is expressed in a temporal and tissue-specific manner, 
regulating tissue formation during development. Functions 
of hundreds of other animal miRNAs are currently unknown. 
However, given the diversity in sequences and expression pat- 
terns, miRNAs are expected to play various roles in a wide 
range of regulatory pathways (42). 

Since animal miRNAs are only partially complementary to 
their target mRNAs (43), it is difficult to search for the tar- 
get mRNA. Plant miRNAs are different from animal miR- 
NAs in their action mechanism. Some plant miRNAs show 
high degree of complementarities to developmen tally impor- 
tant mRNAs (44). Plant MIR39 and MIR165/1.66 were 
found to interact with specific mRNAs resulting in cleavage 
of the mRNAs, indicating that these miRNAs act like siR- 
NAs (45, 46). Thus siRNA-mediated RNAi and miRNA- 
mediated translational inhibition appears to be determined 
only by the degree of complementarity between the small 
RNA and the target mRNA. Intriguingly, human let-7 RNA 
was found to be a component of a RISC and can catalyze tar- 
get cleavage if the mRNA has perfect complementarity to let- 
7 RNA (47). Moreover, some components of miRNA-protein 
complex (miRNP) such as eIF2C2 overlap with those of RISC 
(14, 22, 47). It is an open question how RISC (RNAi machin- 
ery) and miRNP (miRNA-protein complex) are different in 
their compositions and functions. 



PRACTICAL ASPECTS: TRANSFECTION OF 
SYNTHETIC siRNAS 

While the discovery of RNAi revolutionized genetic stud- 
ies in C. elegans, development of RNAi techniques in mam- 
mal I I 'it I i i i i I 1 \ i 1 
supptessed gene expression in mammalian cells. Long dsRNA 
(over 50 bp) activates dsRNA-dependent protein kinase (PKR) 
and 2', 5 -oligoA synthetase leading to nonspecific translation- 
al inhibition and RNA degradation, respectively (48, 49). This 
pathway does not exist in embryonic stage, allowing specific 
RNAi in mouse oocytes and embryos (4, 50). RNAi in somat- 
ic cells was once thought to be not feasible but the limitation 
was soon circumvented by Thomas Tuschl s group and oth- 
ers by using synthetic siRNA duplexes (21-nt) that are too 
short to induce non-specific inhibition (51-53) (Fig. 3). This 
method involves transfection of synthetic siRNA into cultured 
cells. A detailed user guide for siRNA is given at Tuschl lab's 
homepage (www.rockefeller.edu/labheads/tuschl/sirna.html). 
Because of its straightforward protocol, siRNA transfection is 
the most widely used RNAi technique at present. Custom 
synthesis service for siRNA is available from Dharmacon RNA 
technologies, QIAGEN and Ambion. SiRNA can be deliv- 
ered to living organisms as well, which opens the possibility 
of applying RNAi in gene therapy. When siRNA was inject- 
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ed to the tail vein of postnatal mice, it was delivered to a vari- 
ety of organs including the liver, kidney, spleen, lung, and 
pancreas (54, 55). 

There are several factors that may influence the efficiency 
of RNAi in mammalian system (56). First, the choice of the 
target site is important. Originally, it was suggested that the 
best target site is around the first 100-nt downstream of the 
translation start site. However it is not clear yet which region 
on mRNA is most vulnerable to RNAi. Secondary structures 
and mRNA-binding proteins may influence the accessibili- 
ty to siRNA, although no systematic study has been carried 
out to compare the entire region of a given gene. In practical 
terms, about four different siRNAs should be randomly cho- 
sen throughout the entire mRNA and experimentally tested to 
find the best working one. When designing siRNA, BLAST 
sequence analysis is needed to avoid a chance that the designed 
siRNA is complementary to other unrelated mRNA. Pro- 
grams to design siRNA are now available at the Whitehead 
Institute's biocomputing home (jura.wi. mit.edu/bio) and the 
siRNA manufacturers' sites (www.dharmacon.com and www. 
qiagen.com). 

Second, the transfection method makes a difference in the 
outcome. SiRNAs can be efficiently transfected into cells when 
lipophilic agents such as Oligofectamine™ and Translt-TKO™ 
are used. Oligofectamine™ is most frequently used because 
of its low toxicity. Virtually 100% of HeLa and HEK293 cells 
can be transfected using this method. Primary cells and T cell 
lines that are usually difficult to transfect have also been trans- 
fected with siRNAs at relatively high efficiencies. Transfec- 
tion conditions such as transfection reagent, cell density, and 
duration of incubation should be optimized for the given cell 
type and the targeted gene. Apart from transfection using 
lipophilic agents, electroporation have been successfully used 
for some cell types such as T cells (57) and human hepatoma 
cell line, Huh-7 (58). Massive cell death during electropora- 
tion (over 50%) should be taken into consideration depend- 
ing on the particular application. 

Third, the turnover rate of the protein should be taken into 
account because RNAi only aims at the mRNA not the pro- 
tein itself. Generally, siRNA causes rapid reduction in mRNA 
levels in 18 hr or less but stable proteins require a longer peri- 
od for depletion. SiRNA-mediated RNAi lasts only for 3-5 
cell doubling times, probably due to gradual dilution of 
siRNA through cell division. Therefore multiple transfection 
is necessary in cases that the protein is unusually stable or the 
cells need to be grown for long time to observe the phenotype. 

Fourth, it is possible that two or more highly expressed 
genes are knocked down simultaneously but two siRNAs 
seem to compete with each other, suggesting that the RNAi 
machinery (protein factors such as argonaute family proteins) 
may be limiting in human cells. Thus careful control of 
siRNA concentration is required for simultaneous knock- 
down of multiple genes. 

Recently, an alternative method for siRNA preparation has 



been developed. Long dsRNAs that are transcribed in vitro 
using T7 RNA polymerase (or other RNA polymerases) are 
incubated with recombinant Dicer to generate siRNAs (59, 
60). The resulting diced products contain a mixture of siRNAs 
binding to multiple sites on a target mRNA, eliminating the 
need to design and test multiple individual siRNAs. Although 
this method requires longer hand-on time than synthetic siR- 
NA method does, it is easer to design and less costly. SiRNA 
generation kits are available from several companies including 
Gene Therapy Systems, Inc. 



PRACTICAL ASPECTS: DNA-BASED EXPRES- 
SION OF SMALL HAIRPIN RNA (shRNA) 

Despite of the potent knockdown capabilities, the siRNA 
transfection method has its weak points such as transient effect 
and difficulties in transfection depending on cell types. Sta- 
ble gene silencing was achieved by developing a new method 
based on the expression of siRNAs from DNA templates (Fig. 
3). The first type makes use of RNA polymerase III (pol III) 
promoter such as U6 promoter (61-66), HI promoter (67- 
71) and tRNA Val promoter (72). An advantage of using the 
pol III system is that transcription terminates at a stretch of 
4 thymidines, making it possible to produce short RNA with 
1-4 uridines at the 3' end. When 'short hairpin RNA" (sh- 
RNA) similar to miRNA is transcribed from pol III promoter, 
shRNA gets processed by Dicer to generate siRNAs. To con- 
struct an shRNA expression cassette, the gene-specific targeting 
sequence (19~29-nt sequences from the rarget transcript sep- 
arated by a short spacer from the reverse complement seq- 
uences) is inserted between pol III promoter and terminator. 

looj i 1 | illect silencing effect 

For instance, it was suggested that two uridines placed at the 
base of the loop were important for efficient silencing (67). 
Kawasaki and Taira reported that the loop sequences from 
miRNA (miR-23) helped the nuclear export and processing 
of short hairpin, enhancing RNAi effect (72). Some argue 
that longer stem (up to 29nt) is more efficient than shorter 
ones (61, 73). However, there is no clear guideline to make 
the best hairpin at the moment. This is partly because we do 
not have sufficient understanding of small RNA processing. 
Therefore, studies on small RNA processing would be impor- 
tant for development of RNAi technique. 

A similar approach to the shRNA method is to transcribe 
~21-nt sense and antisense RNA separately from pol III pro- 
moters (64-66). Although this method appears to provide 
equally strong RNAi effects, it requires construction of two 
expression cassettes so it does not seem to be as practical as the 
shRNA strategy in most cases. 

ShRNAs can also be generated from pol II promoters such 
as human cytomegaloviais (CMV) immediate early promot- 
er (74). Using pol II promoter would be advantageous in terms 
of regulated expression of siRNA. A variety of inducible/ 
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repressible promoters are available for specific expression. This 
type of shRNA expression system has not been widely used 
yet and lieu rtlu i iments to prove its efficiency. 

The first-generation RNAi vectors were plasmid-based. A 
selectable marker was embedded in the same plasmid, allowing 
selection of transfected cells. However, plasmid-based shRNA 
expression has limitations in cases where transfection efficien- 

To overcome this problem, viral vectors were employed ro 
deliver shRNA expression cassette. Retroviral vectors are most 
widely used among viral vectors for in vitro gene transfer and 
in vivo gene therapy. Murine retrovirus-based vectors were 
shown to be efficient in delivery of shRNA (68, 75-78). Lenti- 
virus-based vectors were also tested and appear to be promis- 
ing vehicles for RNAi because they are effective in infecting 
non-cycling cells, stem cells, zygotes and their differentiated 
progeny (70, 79). Adenoviral vectors are highly effective but 
allow only transient expression of siRNA (80, 81). This prop- 

y ma < u i pin 

gene therapy, where persisted expression is not necessary (81). 



FUNCTIONAL GENOMICS 

In classical forward genetics, genes were first defined by the 
L nptioi f thei hem } , which is then followed by the 
search for each gene at the molecular level. With the whole 
human genome sequenced and the predicted -30,000-40,000 
protein-coding genes, reverse genetics to probe the function 
of the predicted genes seems more effective and reasonable 
strategy. However, reverse genetics using knockout technique 
by homologous recombination takes too much time and reso- 

i Kno vi chniquf u i i nd nh< i 
proved to be far less efficient in inhibiting gene expression for 
this purpose. 

A breakthrough was made by discovery of RNAi in C. tk- 
g.tm in 1 998 when Fire et a), reported that dsRNA can induce 
strong and specific silencing of homologous genes (1). RNAi 
can be induced in this nematode worm by injection of dsRNA 
into gonad, by soaking the worm in dsRNA or by simply 
feeding the worm of bacteria engineered to express dsRNA. 
RNAi is now being used for studies of individual genes as 
well as for genome-wide genetic screening. A bacterial library 
for inactivation of 16,757 of the worm's predicted 19,757 
genes was developed and the corresponding phenotypes were 
listed (82, 114). The bacterial clones ate reusable and have 
been used in screenings for genes with more specific functions 
such as body fat regulation, longevity, and genome stability 
(83-85). 

Drosophila is another popular model organism where RNAi 
has been successfully used to study functions of individual 
genes (2, 86, 87). Unlike in C, elegans and plants, RNAi in 
Drosophila is not systematic, meaning that RNAi does not 
spread into other cells or tissues (17, 88). This property allows 



cell-specific RNAi in Drosophila. 

RNAi in cultured mammalian cells is quickly becoming 
a standard laboratory technique to study functions of individ- 
ual genes. Transfecrion of synthetic siRNA has been most fre- 
quently used but other methods are quickly being developed 
as discussed above. Screening of human genome in a wider 
scale is also being considered. This would be much more pa- 
instaking than scteening in C. elegans because number of 
human genes is about twice and RNAi technique in human 
is more complicated. However, efforrs are already underway 
by developing libraries of siRNAs and automatic scteening 
systems. Once the screening sysrem is esrablished, the long- 
standing goal of genome-wide functional genomics in human 
may become feasible, although the screening based on a cell 
line rather rhan the whole organism will have limitations. 

RNAi may also be used to rapidly create transgenic mice. 
It was shown recently that retroviral or lentiviral delivery of 
shRNA-expression casserte can be passed through the mouse 
germline (79, 89). Thus, RNAi may complement standard 
knockout approaches and accelerate studies of gene function 
in living mammals. 



MEDICAL APPLICATIONS 

The idea of using RNAi for therapeutic purpose has been 
tested extensively for last two years (90) since Tuschl's pioneer- 
ing work on siRNAs. Candidate diseases for such treatment 
include viral infection (9 1 ), i ancer (92), and dominantly inher- 
ited genetic disorders. 

Human immunodeficiency viais (HIV) was the first obvi- 
ous target for such application. Viral genes including tat, rev, 
lie/, and gag have been silenced, resulting in successful inhi- 
bition of viral replication in cultured cells (64, 93-99). Cel- 
lular genes such as CD4, CCR5 and CXCR4 that are neces- 
sary for viral infection were also targeted giving similar results 
(99, 100). Hepatitis C virus (HCV), a major cause of chron- 
ic liver disease, has a genome of a single-stranded RNA, mak- 
ing it an attractive target for RNAi. Expression of RNAs from 
HCV replicon was inhibited in cell culture, providing a hope 
for a new therapy for this virus (58, 101-104). Human papil- 
loma virus (HPV) is believed to contribute to tumorigenesis. 
Silencing E6 and E7 genes of HPV type 16 by siRNA result- 
ed in reduced cell growth and induced apoptosis in cervical 
carcinoma cells (105). Reduction in hepatitis B vims (HBV) 
RNAs and proteins has been induced by siRNA-producing 
vectors in cell culture (106) and in mouse liver (107). Influen- 
za virus was also challenged with siRNA specific for nucleo- 
capsid (NP) or a component of the RNA transcriptase (PA), 
which abolished the accumulation of viral mRNAs (108). 
These successful results are encouraging but there would be 
many hurdles to achieve viral eradication in vivo. Further ex- 
periments are needed in animal models as well as in clinical 
settings. 
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Exquisite sequence specificity of RNAi enables specific 
km ! I own of mutated genes. Such possibility was first test- 
ed on an oncogene, K-RAS (VI 2), whose loss of expression led 
to loss of anchorage-independent growth and tumorigeniri- 
ty (76). Employing a retroviral version of the HI promoter- 
driven shRNA expression system (67), the authors showed 
strong inhibition of the expression of mutated K-RAS (VI 2) 
while leaving other ras isoforms unaffected. This approach 
was particularly encouraging because it was successful not 
only in tissue culture but also in an animal model (mouse). 
Similar studies quickly followed using various forms of siRNA. 
Oncogenes can be activated by chromosomal translocation 
fusing two parts of unrelated genes. M-BCR/ABL fusion leads 
to leukemic cells with such a rearrangement. Transfecrion of 
dsRNA specific for the M-BCR/ABL mRNA has been shown 
to downregulate the fusion protein in K562 cells (109). Over- 
expression of' oncogenes is another cause of tumorigenesis. 
Overexpression of P-glycoprotein (P-gp), the MDR1 gene 
product, confers multidrug resistance (MDR) to cancer cells. 
RNAi successfully reduced P-gp expression and thereby drug 
resistance (110). Expression of endogenous erbB 1 can be sup- 
pressed by RNAi in A431 human epidermoid carcinoma cells 
(111). Combined RNAi to reduce expression of c-rafnnd M-d 
genes may also represent a novel approach to leukemia (1 12). 
Blocking angiogenesis is another important anti-cancer strat- 
egy. Vascular endothelial growth factor (VEGF) exists as at 
least five isoforms that are thought to perform different func- 
tions in tumor angiogenesis. Specific knock-down is possi- 
ble by using RNAi, providing a new tool to study isoform- 
specific VEGF function as well as to treat cancer (71). 

Dominantly inherited genetic disorders are usually caused 
by munitions on one allele whose gene prcxlucr acts rransdom- 
inantly. Specific abrogation of the mutated gene would leave 
the unaffected allele to restore the normal cellular function. 
Expansion of trinucleotide (CAG) repeats encoding an incr- 
eased polyglutamin t least eight mm m in tiro- 
degenerative disorders, including Huntington's disease and 
spinobulbar muscular atrophy (Kennedy's disease). Although 
the mechanism underlying neurodegeneration is unclear, 
aggregation of mutant polyglutamine proteins is related to the 
toxic gain-of-function phenotype. SiRNA targeting the 5 '- 
end or 3'-end of the CAG repeat rescued the polyglutamine 
toxicity in cultured cells (80, 113), opening the possibility 
for new approaches. 

Other diseases considered for RNAi-based therapy include 
Fas-induced fulminant hepatitis (55). Intravenous injection 
of siRNA targeting Fas reduced Fas expression in mouse hep- 
atocytes leading to resistance to apoptosis and protection of 
mice from liver fibrosis. 

There are several critical hurdles to be circumvented before 
RNAi becomes a realistic tool in clinics. First, enough amount 
of siRNA should be deliveted into enough number of target 
cells, efficiently and stably. This delivery problem may be 
solved by chemically modifying siRNA to make it more sta- 



ble, penetrable, and cost-effective. Alternatively, siRNAs can 
be delivered by way of viral vectors. Viral vectors such as 
lentiviral vectors would have unique advantages over synthet- 
ic siRNAs in terms of persistency. Developing optimal vec- 
tors will greatly accelerate siRNA-mediated gene therapy. 
A related issue is 'targeted "administration of siRNA. This is 
hard to be achieved with synthetic siRNAs. For DNA-based 
RNAi, however, inducible/repressible promoters can be used 
to regulate siRNA expression in a tissue specific or develop- 
mental stage specific manner. The second problem stems from 
the technique's own merit; sequence specificity. Frequent mu- 
tations of target genes may allow escape from specific inhi- 
bition of disease genes, especially in viral infection. A "combi- 
nation "strategy using several different siRNAs is likely to min- 
imize the escape. 

PERSPECTIVES 

The recent discovery of small RNAs is fascinating. For dec- 
ades we have been ignoring these tiny molecules as mere deg- 
radation products of bigger transcripts. Mutations in inter- 
geneie regions were often dismissed during genetic screening. 
Genomics has focused on protein-coding genes leaving non- 
coding RNA genes unnoticed. Now hundreds of small RNA 
genes have been discovered. Understanding their biology is 
likely to reveal novel aspects of cellular functions. Key press- 
ing questions include what their functions are and how these 
unusual RNA genes are expressed. 

Technical aspects of small RNA biology are also important. 
RNAi is already changing our way of studying gene functions. 
However, not every promising technique is translated into 
commercial or clinical success. RNAi, too, should go through 
intensive elaboration and further innovation. Setting a guide- 
line for selection of siRNA sequence would be an important 
step. Efficient delivery and regulated expression of siRNA are 
also critical issues for transgenic studies and gene therapy. In 
addition, developing a simple and inexpensive RNAi proto- 
col for high throughput screening will be essential for large- 
scale genomics. 
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The discovery of a highly conserved cellular machinery that 
can regulate gene expression in response to double-stranded 
RNA may revolutionize mammalian virology. This revolution 
promises not only a deeper understanding of host-pathogen 
interactions and a novel set of experimental tools to explore 
the mechanism of viral replication but may also yield new 
therapeutic approaches. Even though the Meld of RNA silenc- 
ing (or RNA interference [RNAi]) as applied to mammalian 
viruses is bareh eat 1. there idy enough material to 

appreciate its importance and to discuss its implications. Since 
an impressive number of excellent reviews on RNAi have been 
published recently (25, 27, 62). here we emphasize mammalian 
RNA silencing as it concerns one of its (presumably) natural 
targets, viruses. 

RNAi IN PLANTS AND INVERTEBRATES 

RNAi, also known as RNA silencing or posttransei iplional 
gene silencing, is a process that responds to double-stranded 
RNA (dsRNA) by silencing gene expression in a sequence- 
specific manner. The RNAi machinery uses dsRNA duplexes 
us guides to target and destroy specific cellular or viral RNAs. 
R\ \ si . a ng * is imti A\\ Rsctibcd i l p mis more than a 
decade ago (reviewed in reference 62). Ovcrcxpression of 
transgenes in plants can result in cosupprcssion of homologous 
endogenous genes (43. 63). Also, infection by plant RNA vi- 
ruses can be restricted or prevented by the artificial expression 
of pieces of the viral genomic RNA. This resistant state ap- 
pears to be mediated by a cytoplasmic activity that targets 
specific RNAs for inactivation (38). It was thus proposed that 
suppression of endogenous genes or resistance to RNA viruses 
could arise from a sequence-specific RNA degradation system. 
Similar mechanisms were invoked to explain the phenomenon 
of cross-protection in which a nonpathogenic strain of plant 

in reference 53). Furthermore, it was observed that cellular 
genes carried by viruses could lead to decreased expression of 
cognate endogenous host genes, an occurrence that was sug- 
gested to be mediated by the same mechanism responsible for 
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virus resistance and which was named virus-induced gene si- 
lencing (33). 

The critical role of dsRNA in initiating a process of se- 
quence-specific mRNA degradation was first described for the 
nematode < mis b I Ik rtificial intn uctii 

of dsRNA (19). This process was called RNAi and has since 
been observed in a variety of eukaryotes (31, 44, 67). The 
emerging view from these studies is that the central player in 
the RNA silencing pathways is dsRNA, which acts as a trigger 
and/or intermediate of the process (lug. 1). Thus, RNA silenc- 
ing can be triggered by viruses or transposons that generate 
dsRNA during their replication or artificially by the introduc- 
tion of synthetic dsRNA. It has also been proposed in plants 
that "aberrant RNAs" arc capable of initiating RNA silencing 
responses (65). However, these aberrant RNAs have not been 
well characterized and arc likely to contain dsRNA structures 
or motifs. The initial dsRNA is then cleaved into small, inter- 
fering dsRNAs (si RNAs), 21 to 25 nucleotides long, by a pro- 
tein complex containing Dicer and possibly homologies of the 
C. elegans genes rdc-4, rde-1, and drh-1/2 (58). The si RNAs in 
turn are incorporated into the RNA-induccd silencing complex 
( RISC), and they are unwound presumably to act as guides to 
direct the RNA degradation machinery to the target RNAs 
(41). The RISC monitors the sequence of cytoplasmic RNAs 
and is able to cleave the cognate target RNA in a sequence- 
specific, siRNA-dependent manner (41). Although not all the 
components of the RISC' have been identified, it appears that 

the eukaryotic initiation factor 2C proteins, form part of the 
complex (41 ). The RNA silencing machinery also appears to be 
able to amplify the degradation signal. It has been proposed 
for invertebrates that si RNAs can function as primers that are 
extended on the targeted RNA by an RNA-dependent RNA 
polymerase (RdRp) (39. 54). This amplification has not yet 
been observed in mammalian systems. 

It is now generally accepted that RNA silencing is a major 
antiviral defense mechanism in plants (3a, 17a, 48, 50a). Al- 
though the natural trigger for RNA silencing in virally infected 
cells is presently unknown, because RNA viruses replicate 
through dsRNA intermediates it is possible that these replica- 
tion intermediates serve to initiate the RNA silencing re- 
sponse. Even DNA viruses may produce dsRNAs as by-prod- 
ucts of bidirectional transcription from their genome (15, 34). 
Several lines of evidence support the concept that RNA silenc- 
ing is an antiviral mechanism in plants, first, as described 
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FIG. I. Schematic representation of the molecular mechanism of the RNA silencing pathway. The process can be triggered by viral infection, 
transposons, or aberrant RNAs, all of which produce some form of dsRNA. Long dsRNA precursors are processed by Dicer to siRNAs. siRNAs 
assieiatc with the RIM n'ch in ti - ' legratiaiion ilic 1 e i 1 i hilar RdRp. Tl 

RNA silencing system has also been associated with DNA methylation. 



above, natural infection by plant viruses elicits strong gene 
silencing (38). This observation indicates that the viral genomic 
RNA or intermediates of replication are used effectively by 
silencing machinery to trigger RNA silencing. Second, viral 
replication can be efficiently suppressed by experimentally in- 
duced RNA silencing (38, 66). Third, plant viruses encode a 
variety of inhibitors of the RNA silencing machinery (5. 1 1. 30, 
64). The fact that viruses have acquired meeiianism.s to inter- 
fere with RNA silencing suggests that, for successful replica- 
tion in nature, viruses need to overcome the plant's antiviral 
defenses. Fourth, some components of the RNA silencing ma- 
chinery, like the RdRp, are upregulated by viroid and virus 

infection (6, 51). Perhaj ; tl n is p nclicati' that 

RNA silencing is mini] I iviral dc n hanism in 

plants is the observation that mutations in genes that encode 
the RNA silencing machinery. Iike.vev3 (also called sdel ), sgs3, 
and sde3, result in enhanced Misceptibility to virus infection 
(16, 42). Taken together, these are strong indications that 
RNAi is an antiviral mechanism in plants. 

RNA silencing also appears to contribute to antiviral de- 
fense in invertebrates. Preinfection of cells or whole mosqui- 
toes with Sindbis virus earning dengue virus genome frag- 
ments was shown to inhibit dengue virus replication (I, 20, 46). 
Although these results are reminiscent of the cross-protection 
phenomenon seen in plants (53), these experiments could not 
distinguish whether the inhibition was produced by RNA si- 
lencing, RNA antisense activity, or dominant-negative effects, 
such as those induced by defective interfering RNAs. However, 
a recent study demonstrated that it is indeed possible to inhibit 
dengue virus production by transfection of dsRNA in mosquito 
cells; in contrast, a single-stranded RNA control was not ef- 
fective (12). Furthermore, cells transfected with a plasmid de- 
signed to express an inverted-repeal RNA derived from the 
dengue virus genome were resistant to virus infection and 
accumulated short species of dsRNAs (siRNAs) (2). 



Important e\ di nee suppoi t ig a physiological antiviral role 
for RNAi in invertebrates was obtained by studies of Hock 
house virus (F.PIV) and its interaction with the RNA silencing 
machinery in Drosophila cells (37). This nodavirus infects in- 
sects but can also replicate in plant and mammalian cells. FH V 
infection results in accumulation of siRNAs specific for the 
viral genome. These siRNAs arc able to promote the specific 
degradation of artificially introduced viral RNA. Interestingly, 
FHV protein B2 can block RNA silencing in both plant and 
invertebrate cells. 152 can functionally replace the 2b protein of 
cucumber mosaic virus, which belongs to a group of well- 
known suppressors of RNA silencing. Notably, FFIV-induced 
RNA silencii g w prevt eel b res >n of B2 or depict 
of AG02 (a putative RISC component of the Argonaute fam- 
ily). These experiments argue for a role of RNA silencing as an 
adaptive antiviral defense in invertebrates. They also raise the 
question of how RNAi acts in response to natural viral infec- 
tion and whether, as observed in plants, RNAi in insects can 
induce a systemic protection against viruses. 

siRNAs AS AN ANTIVIRAL MECHANISM IN 
MAMMALIAN CELLS 

Is there a mammalian antiviral RNAi counterpart? It was 
originally thought that mammalian cells were unlikely to pos- 
sess an active RNA silencing machinery (19). This skepticism 
was derived from the fact that mammalian cells respond to the 
presence of dsRNA with a general, nonspecific shutdown of 
translation, mediated primarily by protein kinase R (PKR) and 
RNasc L. Indeed, this response is considered an important 
innate antiviral mechanism that is upregulated by interferon 
and contributes to controlling viral infection in a nonspecific 
fashion (36, 55). Furthermore, mammals have evolved a so- 
phisticated immune system based on protein recognition that 
protects them against infection in a highly specific manner. 
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This system is not present in plants and invertebrates and thus 
could have functionally replaced the RNA silencing system. 
Yet it would seem that such a versatile anti\ iral system as RNA 
silencing might he const r»cd dm mg evolution, since viruses (as 
well as other molecular parasites, like transposons) probably 
maintain an unrelenting -elective pressure on their hosts. 

Indeed, the recent description of RNAi in mammalian cells 
proved that the RNA silencing machinery is conserved in 
mammals (9, 12. 57, 61. 67). These studies showed that while 
the PKR-RNase L pathway is activated by long dsRNA in most 
cells, siRNAs (21 nucleotides long) are readily recognized by a 
mammalian RISC and mediate significant reduction in the 
levels of a specific target mRNA. These observations led sev- 
eral groups to explore the interaction between the RNA si- 
lencing machinery and mammalian viruses. 

The initial experiments centered on a simple question. Are 
mammalian viruses susceptible to RNAi? While potentially 
any RNA can be subject to degradation by the RNAi machin- 
ery, it was not clear whether viral RNAs could be effectively 
targeted. Virus genomes are often protected by a protein- 
accous structure (dsRNA viruses), by nuclcoproteins and ma- 
trix layers (negati c-sti I RNA vin iciati 
with cellular m siti c stranded 

RNA viruses). In addition, a large part of the newly synthe- 
sized RNA is often rapid d 1 virus particles 
Thus, the recent discovery that siRNAs can block replication of 
several different types of mammalian viruses is significant, es- 
pecially given its therapeutic implications. siRNA has been 
shown to inhibit production of two retroviruses, the human 
immunodeficiency virus (HIV) (13, 14, 26, 28. 35, 45, 48, 56) 
and Rous sarcoma virus (26): a negative-stranded RNA virus, 
respiratory syncytial virus (10); and a positive-stranded RNA 
virus, poliovirus (21). and to inhibit the gene expression of a 
DNA virus, human papillomavirus (29). In all these reports, 
cells transfected with si RNA corresponding to the viral ge- 
nome induced a clear reduction in virus production. In general, 
a decrease in titer of 10- to 200-fold was observed (14, 21. 26, 
28. 45). All these studies demonstrate that accumulation of 
viral RNA in infected cells was significantly reduced by 
siRNAs. indicating that viral RNA can be targeted by the RNA 
silencing m ac hi n e ry . 

The action of siRNAs appears to be independent of the 
nonspecific PKR-RNase I responses. Thus, control siRNAs of 
unrelated sequences failed to inhibit virus production (1.3, 14, 
21. 26, 28. 45, 5t>). Also. siRNA transfection did not induce 
phosphorylation of PKR ( 10. 28), a signal of interfcron-medi- 
atcd activation of the innate defense system (55). Furthermore, 
transfection of siRNAs into mouse embryonic fibroblasts de- 
ficient in both PKR and RNase L was effective in inhibiting 
virus replication (21). In addition, the antiviral siRNAs did not 
result in interferon production, as viral resistance could not be 
induced by culturing cells in medium containing supernatant 

111 Sil I 1 1 'l\ 1 I 11 

the classical interferon and nonspecific dsRNA pathways are 
not part of the specific RNA silencing mechanism. 

An important question raised by these recent studies con- 
cerns the duration and amplification of the siRNA signal and 
effect. The ability of siRNA-transfected cells to resist virus 
infection was maintained over the course of several days (21, 
28). The duration of the effect could either indicate that the 



interference state persists for a few days or, alternatively, that 
the siRNAs could be slowly released from the cell-associated 
transfection mixture. Assuming that cells can indeed maintain 
the silencing state for several days, ,, remarkable parallel to the 
protein-based immune system can be drawn, whereby the RNA 
silencing system induces a specific response which can last for 
at least a few days. Perhaps the system is capable of establish- 
ing a rudimentary form of memory. It would be interesting to 
1 i i v ill RNA 1 i , reel i tl > 
plasm or are associated with components of the RNAi machin- 
ery in order to resist degradation. Perhaps, transfected siRNAs 
are able to associate with the RISC 1 or even with the hypothet- 
ical RdRp and in this manner not tally prolong their half-lives 
but also amplify the signal over a certain period of time. 

Another important question is whether viral nuclcoproteins 
and/or replication strategies play a role in shielding the viral 
genome from the RNAi machinery (discussed in reference 3). 
At this stage, the question has mainly been addressed for I II V . 
Since different studies have used different siRNAs, cell types, 
viral strains, multiplicities of infection, and times between 
transfection and infection, the answer is not yet conclusive. 
However, there is a consensus that expression of HIV RNA 
from proviral DNA can be effecti ely inhibited * 2f 
28, 35, 45). What is unclear at this time is whether RNAi can 
target the incoming viral RNA while in transit to the nucleus, 
when it is still associated with nucleocapsid proteins. Using 
PGR to detect integrated viral genomes, Hu and colleagues 
(26) found that the number of integrated proviruses is identical 
in HIV siRNA- and control siRNA-treated cells, suggesting 
that the incoming \ iral RNA is inaccessible tit RNAi. In con- 
trast, Coburn and Cullen's study, using hybridization to detect 
viral genomic DNA in infected cells, revealed a difference 
between antiviral siRNA-treated and control samples (14). 
Consistent with this result, Capodici et al. observed a clear 
reduction in the amount of HIV DNA that accumulated in 
cells treated with siRNAs (13) and Jacquc et al. found a sig- 
nificant difference in HIV genomic RNA in siRNA-treated 
cells as early as 1 h after infection, indicating that incoming 
RNA can be targeted by RNAi (28). A critical difference be- 
tween these studies is that they target different sequences 
within the HIV genome, fins difference can account for the 
discrepant results since the nucleocapsid of the incoming virus 
may preferentially shield some regions of the RNA. For neg- 
ative-stranded RNA viruses, it appears that Rous sarcoma 
virus mRNA is susceptible to siRNA targeting, but genomic 
RNA, which is known to be coated bv a nucleoprotein, is not 
(10), 

Since all the studies on antiviral activity of RNAi have em- 
ployed defined, short RNA sequences (siRNAs or short hair- 
pin RNAs [shRNAsJ), they allow evaluation of the tolerance of 
the RNAi machinery to mismatches. It appears that mis- 
matches between the siRNA and its viral target generally are 
not well tolerated. One mismatch located approximately in the 
centct ol the siRNA >oli silcn , poiiovin (I 

Gitlin and R. Andino, unpublished data). However, certain 
anti-HIV siRNAs carrying a singie-nucleotidc mismatch can be 
as effective as those with sequences that perfectly match the 
target RNA (28). The tolerance of RNA silencing to mis- 
matches is important because it relates to the ability of viruses 
to escape inhibition by RNA silencing. If the RNAi machinery 
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can accommodate mismatches, it would be more difficult for 
the virus to escape the action of siRNA. The fact that a single 
point mutation yielded an RNAi-resistant virus raises an im- 
portant challenge for the use of short, defined siRNAs in 
therapeutic approaches. On the other hand, a "natural" RNA 
silencing response that targets multiple viral sequences would 
be harder to evade, as escape would require extensive alter- 
ations in the viral genome. 

The viruses which are least likely to escape from siRNAs are 
the DNA viruses, due to their lower mutation frequency. 
Among them, an important therapeutic target is papillomavi- 
ruses, because it appears that the constitutive expression of 
viral proteins E6 and E7 is required for carcinogenic growth 
(18). Recent results with siRNAs targeting E6 and E7 in cul- 
tured cells suggested that E6 downregulation by siRNAs can 
lead to cell growth suppression, while H7 downregulation re- 
sults in apoptosis (29). 

A striking conclusion from one of the recent studies is that 
siRNAs can clear viral infection without causing any visible 
harm to the infected cell (21). It has been a long-standing 
assumption in immunology that clearance of virus from the 
mammalian host requires destruction of infected cells (22), 
either by the action of the immune system or by apoptosis 
induced by the virus. This idea has been challenged in studies 
that observed reduction and even clearance of viral genomes in 
the ibsencc ol till i 1 I 1 x ^ 1 Although the 
mechanism that induced viral clearance in these systems is 
unknown, it is tempting to speculate that it could be mediated 
by RNA silencing. Indeed, si RNA can effectively clear polio- 
virus from infected He I. a cells (21). A recent study has also 
demonstrated that siRNAs can be eff ective m clearing hepatitis 
C virus replicons (50). These experiments highlight she poten- 
tial of RNA silencing as an agent of noncytopathic viral clear- 
ance. 



FUTURE DIRECTIONS 

These initial studies of the effect of RNA silencing on viral 
replication in mammalian cells open two major avenues of 
investigation. First, it will be important to understand the role 
(if any) of RNA silencing in providing an antiviral defense 
against natural infections in mammalian systems. Second, 
these results raise the exciting yet challenging opportunity to 
develop therapeutic approaches employing RNAi. 

Is RNA silencing an antiviral system? 1 A en though synthetic 
siRNA transfected into mammalian cells can inhibit viral rep- 
lication, it is not yet clear whether RNA silencing plays a 
physiological role as an antiviral system. For instance, it is 
unclear whether RNA silencing can be elicited naturally during 
viral infection. Since the presumably natural precursors of 
siRNAs, long dsRNA intermediates of RNA replication, seem 

not yet clear how specific RNAi responses could be initiated 
during the course of a natural infection. Although the recent 
findings using siRNAs discussed here represent an important 
step toward determining the role and potential of RNAi as an 
antiviral mechanism, they are based on artificial experimental 
designs. 

We propose that establishing RNAi as a natural antiviral 




FIG. 2. Is RNA silencing a natu 
mammals? Establishing RNAi as a na 
mammals will require addressing She 
schematically presented in the figure. 



defense in mammals will require addressing five critical issues 
that are schematically described in Fig. 2. 

Issue 1: Are siRNAs generated during the course of a nat- 
ural infection? To generate siRNAs from long dsRNA repli- 

Intriguingly, there is a di i ' | » dsRNA b 

embryonic stem cells and differentiated cell lines. Differenti- 
ated cell lines express PKR and RNase L, and apparently only 
low levels of Dicer (9), and thus dsRNA induces a general 
translation shutoff. In contrast, embryonic carcinoma cells pro- 
cess dsRNA to induce sequence-specific silencing (9). One 
possibility is that the antivirai/antitransposon function of RNA 
silencing is limited to embryos. Alternatively, certain cell types 
in the adult may be able to process and disseminate long 
dsRNA, while most other cells are only capable of reacting to 
fully processed siRNAs. However, since undifferentiated em- 
bryonic carcinoma cell lines arc susceptible to viral infection 
(59), there may be unidentified regulatory mechanisms that 
control RNA silencing in embryonic cells in vivo. Otherwise, 
viruses may have found ways to overcome silencing or the 
RNAi machinery in embryonic cell lines may lack additional 
components required for antiviral function. 

Issue 2: Are RNAi components upregulated during viral 
infection? The upregulation of RNAi components during viral 
infection would support the idea that this system plays a nat- 
ural role in antiviral defense. The recent finding that porcine 
rcprotlt live 1 i irus ii cction induces 

upregulation of the RNA helicase RHIV-1 (70), a homologue 
of drh-I helicase from C. elegans apparently required for 
dsRNA processing (58), may support this idea. However, it is 
possible, as suggested by the authors, that upregulation of 
RHIV-1 plays a role during virus replication rather than in 
antiviral defense. A related issue is the relationship between 
RNA silencing and the interferon system. .Although it has been 
assumed that they are quite distinct and independent from 
each other, the relationship between these systems remains to 
be analyzed. Since many components of the RNAi system 
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appear to participate in micro- RNA processint- (4). it will aiso 
be interesting to elucidate the overlap between RNAi and 
micro-RNA processing. Understanding the regulation and in- 
terplay of these two systems, especially in a context of a viral 
infection may have important consequences for the adaptation 
of RNAi for therapeutic purposes. 

Issue 3: Have viruses evolved mechanisms to suppress or 
escape an RNAi espoi i pe t ne 1 misms of RNAi 
evasion can be envisioned. First, as mentioned before, it is 
possible that viruses protect their RNAs by sequestering them 
in viral particles or replication complexes. However, because 
viruses need to express their genomic information by translat- 
ing their RNAs and since mRNAs are susceptible to RNAi, it 
is possible that the RNA silencing machinery can target and 
reduce the expression of viral protein, thus inhibiting viral 
replication. Assuming the viral dsRNA intermediates are 
shielded from Dicer, how is the RN Ai response initiated? One 
possibility is that dsRN A leaks out from the shielded compart- 
ment inside the infected cells or even from the remnants of 
cells lysed by the virus, A second type of evasion mechanism 
could rely on virus-encoded proteins that directly inhibit spe- 
cific steps of RNA silencing. So far, there have been no reports 
of such activitk en led I mammalian usi nit as tits 
study of RNAi in mammalian cells develops, it is likely that 
information about virus-encoded RNAi suppressors will be 
obtained. 

Issue 4: Do mutations or deletions in mammalian homo- 
logues of RNAi components rentier cells or animals more 
susceptible to viral infection? Both genetic and biochemical 
approaches have already identified several key components of 
the mammalian RNAi machinery (including Dicer and the 
RISC) (8, 4.1, 24). and more are likely to emerge in the near 
future. Il is possible that knockouts of genes encoding RNA 
silencing components will be lethal, considering that they may 
participate in several RNA-based gene expression regulatory 
systems, as shown for DICLR in rniero-RNA processing (4). 
However, it may be possible to obtain cell lines deficient in 
specific components of the RNA silencing machinery to ad- 
dress whether defects in the RNAi pathway increase suscepti- 
bility to virus infection. 

Issue 5: Can RNAi in one infected cell trigger a systemic 
antiviral response? In C. cleans, the injection of dsRNA in one 
region of the worm triggers its spread to many different tissues, 
including the gonads (19). It is not known how the dsRNA exits 
the cell in which it was originally produced, how it is trans- 
ported through the organism, and how it is taken up by distant 
target cells. It will thus be important to address whether RNA 
silencing in mammals also induces a systemic response. 

Is it possible to manipulate the RNAi system to develop 
therapeutic approaches? Present data has generated much 
hope for the use of RNAi as a novel antiviral therapy. How- 
ever, establishing RNAi as a viable therapeutic approach re- 
quires resolving at least three major issues. 
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transcripts (68, 69). Although shRNAs have not yet been ex- 
tensively employed, it appears that the system >s effective in a 
variety of cell types. Intriguingly, it appears that Dicer is re- 
sponsible for processing shRNA into siRNAs ( 47), suggesting 
that this artificial system employs the RNAi processing appa- 
ratus to channel the shRNA into the correct pathway. Similar 
approaches may be extended to solve the persistence issue. 

(ii) Delivery. A major problem to be addressed is how to 
efficiently deliver the shRNA-expressing plasmids and how to 
target specific cell types. Perhaps a reasonable approach will be 
to employ viral vectors. Initial reports indicate that retroviral 
(7, 17) and adenoviral (68) vectors are capable of carrying 
shRNAs and inducing RNAi in target cells. Nonetheless, it is 
expected that this approach will encounter benefits and limi- 
tations similar to those observed in gene therapy methodolo- 
gies. 

(iii) Viral escape. As mentioned above, viruses are likely to 
evade any given siRNA by mutations of the target sequences. 
Therefore, it may be important to produce multiple siRNAs, 
focusing on the conserved regions of the viral genome. How- 
ever, this strategy has not yet been evaluated and it is possible 
that viruses are able to find additional ways to evade a strategy 
based on targeting multiple sites in the viral genome. An al- 
ternative method to circumvent the high rate of viral mutation 
may be to target a cellular protein required for viral replica- 
tion. For example, depletion of ( 1)4 using siRNAs has led to 
a decrease in the infectivity of HIV (45). These experiments 
suggest that targeting CCR5 (which is mutated in some indi- 
viduals that are resistant to HIV infection [40]) may be a 
successful course in protection from AIDS. In a vcrv recent 
report, CCR5 was targeted by siRNAs. Blocking CCR5 expres- 
sion resulted in substantial protection for the lymphocyte pop- 
ulations susceptible to HIV- 1 infection (49). However, the 
biological plasticity of viruses mav find ways to overcome this 
strategy and, thus/targeting a cellular factor may not guarantee 
complete protection from viral infection (52. 60). Hence, it is 
possible that the genetic variability of RNA viruses mav render 
targeting a single cellular factor ineffective. Therefore, target- 
ing several host cell factors involved in viral replication may be 
required, an approach designed as an RNAi equivalent to the 
multi-drug antiretrovirus therapy HAART, whose success is 
based on the simultaneous targeting of multiple viral proteins. 

In hindsight, one would expect researchers to have predicted 
the existence of a nucleic acid-based immune system curlier, by 

Afterall, if life began as an RNA world' it would have been 
appropriate to evolve an adaptive system that recognized for- 
eign nucleic acids early on. 1 he discovery of this highly sophis- 
ticated system stresses the advantages of being both adaptive 
and specific in combating invaders. It also stresses the fact that 
there is more to RNA silencing and virology in general than we 
can yet fathom. The years to come promise to bring interesting 
and unanticipated results regarding the mechanism and ther- 
apeutic applications of this fascinating system. 
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ADDENDUM IN PROOF 

While this paper was under review, the following articles 
dealing with siRNA application against an orthomyxovirus, a 
herpesvirus, and hepatitis C virus repl icons appeared: O. Cie, 
M. T. McManus, T. Nguyen, C. H. Shen, P. A. Sharp, H. N. 
Eiscn, and J. Chen, Proc. Natl. Acad. Sci. USA 100:2718-2723, 
2003; Q. Jia and R. Sun, J. Virol. 77:3301-3306, 2003; J. A. 
Wilson, S. Jayasena, A. Khvorova, S. Sabatinos, I. G. Ro- 
drigue-Gerbais, S. Arya, F. Sarangi, M. Harris-Brandts, S. 
Beaulieu, and C. D. Richardson, Proc. Natl. Acad. Sci USA 
100:2783-2788, 2003; and S. B. Kapadia, A. Bridcau- 
Andersen. and F. V. Chisari, Proc. Natl. Acad. Sci. USA 100: 
2014-2018, 2003. 
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Introducing silence 

In 1998, Fire era/.' made the startling discovery that double- 
stranded RNA (dsRN A) could induce a potent silencing effect 
on homologous genes in the nematode Caenorhabditis 
elegans. This technique, termed RNA interference (RNAi), 
has proved to be a powerful tool with which to dissect gene 
function in plants, C. elegans and Drosophila. Although 
RNAi is evolutionarily conserved among plants and animals, 
silencing of specific genes in mammalian cells has been dif- 
ficult because of the induction of the interferon response by 
dsRNAs of >30 nt. 2 - 1 This non-specific response to dsRNA 
leads to global changes in cellular gene expression and 
apoptosis, masking any specific silencing effect by RNAi in 
mammalian ceils. Recently, however, it was shown that potent 
and specific gene silencing could be achieved in human cells 
transfected with small interfering RN As (siRNA) of 21-23 nt, 
a key intermediate in the RNAi pathway. 4 This landmark 
discovery by Tuschl and co-workers has led to routine RNA 
interference in mammalian cell culture and may have finally 
opened the door to tractable genetic analysis in mammalian 
cells. 

Current models of RNAi suggest that the pathway involves 
a five-step process (for an excellent review see reference 2). 
First, dsRNAs (>26 bp) are cleaved by an RNase Ill-like 
enzyme, termed Dicer, to generate 21-23 nt fragments 
(step l). 5 " 7 These short duplexed siRNAs have two unusual 
properties that are critical for their function: they contain 2 nt 
3'-overhangs and 5'-phosphate groups. 8 It is presumed that 
an ATP-dependent RNA helicase recognizes these short 
duplexes and resolves the siRNA duplex into two single- 
stranded RNAs (step 2). 9 One strand is then incorporated into 
a high-molecular-weight protein complex termed RISC 
(RNA-induced silencing complex) (step 3), 9 where it serves 
as guide RNA to direct the cleavage of homologous RNA 
sequences by an as yet unidentified endonucleolytic compo- 



nent of RISC (step 4). 8 ' 10 Finally, RISC is liberated from the 
cleaved mRNA and is recycled to perform multiple rounds of 
catalysis (step 5). This property of RISC is responsible for the 
potent nature of the silencing effect. 

An intriguing facet of the RNAi pathway is the tight link 
between RNAi and developmental timing in C. elegans. n The 
enzyme Dicer is required for both induction of RNAi and 
processing of two small temporal RNAs (stRNAs), lin-A and 
let-1 from -70 nt structured precursor RNAs. 6,7 Interestingly, 
the 21 nt single-stranded stRNAs, also referred to as micro- 
RNAs (miRNAs), are identical in length to siRNAs; however, 
unlike siRNAs that trigger mRNA degradation, stRNAs bind 
to multiple sites within the 3' UTRs of target mRNAs and 
inhibit their translation by a mechanism that remains poorly 
understood. 12 The finding that repressed mRNAs are associ- 
ated with polysomes suggests that translation initiation is not 
affected. 12 

Additional observations have further strengthened the 
connection between the RNAi and miRNA pathways. Purifi- 
cation of miRNP complexes from HeLa extracts led to the 
isolation of >40 unique miRNAs. 13 The miRNP complex 
isolated from human cells is the same approximate size as 
Drosophila RISC (-500 kDa), and one member of the com- 
plex, eIF2C2, an orthologue of Argonaute-2, is a known compo- 
nent of Drosophila RISC. 14 Secondly, and more importantly, 
the recent discovery that the endogenous human let-1 miRNA 
not only directs mRNA cleavage but also co-purifies with 
human RISC, 15 implies that RISC mediates both silencing 
processes. The choice of RISC action is probably dependent 
on the degree of complementarity between the guide RNA 
and the target sequence, with mRNA cleavage activity requir- 
ing almost 100% complete base pairing between the siRNA 
and target sequence. 15 Moreover, the finding that at least 
one plant miRNA can function as an siRNA, directing the 
cleavage of an endogenous mRNA in Arabidopsis} 6 provides 
a clear demonstration that at least some miRNAs can enter the 
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RNAi pathway. The discovery of this new class of RNA, with 
>200 distinct miRNAs now catalogued in nematodes, 1718 
fruit flies, 19 humans 13 and plants, 16 - 3 ' suggests that miRNAs 
and RNAi may play a more general role in regulating gene 
expression than hitherto imagined. 



RNAi-mediated inhibition of viral replication 

In plants, it has long been recognized that post-transcriptional 
gene silencing and RNAi play critical roles in genome sur- 
veillance, protecting the cell from inappropriate expression of 
repetitive sequences, transposable elements and viruses. 21 In 
fact, certain plant viruses, including potyviruses, potato virus 
X and cucumber mosaic virus, have evolved proteins that 
antagonize the RNAi pathway, providing some of the strong- 
est evidence that RNAi can serve as an innate cellular antiviral 
mechanism (reviewed in 21 and references therein). The 
finding that an animal virus, flock house virus (a small, 
o i d > N . i s ■ iging ie No> iridae, thai 

infects insect cells and is morphologically similar to some 
plant viruses), also encodes an RNAi antagonist (the B2 
protein) and is subject to RNAi in Drosophila in the absence 
of B2 expression, 22 clearly demonstrates that the antiviral 
properties of the RNAi pathway are conserved between the 
plant and animal kingdoms. The potential ability to tap into 
this native antiviral pathway, as a therapeutic strategy to 
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have been successfully targeted for siRNA-mediated silencing, 
including those that encode Gag, Pol, Vif and the small regu- 
latory proteins Tat and Rev. These studies show that RNAi can 
effectively trigger the degradation of not only viral mRNAs, 
but also genomic RNAs at both the pre- and post-integration 
stages of the viral lifecycle. 25 " 27 In addition to targeting 
viruses directly, alternative strategies have employed siRNAs 
that silence the expression of essential host factors including 
TsglOl, required for vacuolar sorting and efficient budding 
of HIV-1 progeny, 28 and the chemokine receptor CCR5, 
required as a co-receptor for HIV-1 cell entry. 29 

One impediment to utilizing RNAi technology for thera- 
peutic benefit in humans remains the development of efficient 
delivery systems for siRNAs. Previous methods relied on 
harsh lipid-based transfection reagents to introduce siRNAs 
into cells in culture and are either inefficient and/or unsuitable 
for use in animals. An additional caveat is that, unlike in 
plants and lower eukaryotes, RNAi-mediated gene silencing 



is not long lasting in mammals. In cell culture, gene silencing 
effects can disappear within three to four generations, with the 
targeted protein returning to normal levels quickly there- 
after. 4 An enormous sk] ii in i these compli- 
cations is the finding that natural or designed siRNAs and 
miRNAs can be expressed in v/vo. 3(M3 Short hairpin and pre- 
miRNA-based precursor RNAs can be transcribed from 
either RNA polymerase III (HI or U6) 3tU2 or RNA polymer- 
ase II promoters 33 in vivo, and processed by Dicer to release 
functional siRNAs. Importantly, siRNAs expressed from 
DNA templates can silence gene expression as effectively as 
exogenously introduced synthetic siRNAs. 30 ' 31 - 33 As an 
extension of these studies, many groups have begun con- 
structing the first generation of retroviral-, 34 adenoviral- 35 and 
lentiviral-based 36 gene therapy vectors that are capable of 
expressing siRNAs in a stable manner in virtually any cell and 
tissue type. Already progress has been made, with the demon- 
stration that murine retroviral vectors expressing siRNAs 
directed against a mutant allele of the human K-Ras proto- 
oncogene have the ability to reverse tumorigenicity in mice. 34 
The further development of these delivery systems will push 
siRNA technology quickly from the 'proof of principle' phase 
into animal studies of important human diseases. 



Conclusions and future challenges 

It is striking how rapidly the field has moved from an initial 
discovery phase to a stage where implementation of siRNA 
technology in a therapeutic setting appears not only foresee- 
able, but imminent. Currently, however, our understanding of 
the biological mechanisms underlying RNAi lags behind the 
movement to apply this technology to human diseases such as 
cancer and infectious diseases such as HIV- 1 and hepatitis C 
virus. Clearly the objectives, in the short term, are to improve 
viral delivery systems with the goal of maximizing siRNA 
expression. Presumably, this would involve optimization of 
promoters and siRNA precursor design. At present, infor- 
mation pertaining to endogenous miRN A promoter usage and 
important sequence and RNA structural constraints for Dicer 
processing are entirely lacking. A better understanding of the 
fundamental biochemistry of the RNAi pathway would cer- 
tainly lead to improved target site selection and better overall 
siRNA design. 

The appearance of a resistant strain of poliovirus in cultures 
treated with polio-specific siRNAs 24 is a strong reminder that 
a single nucleotide mutation could render viruses immune to a 
single specific siRNA. Although it was concluded that the 
mutation was already present in the primary viral isolate, 
emergence of siRNA resistance is a major concern that will 
need to be addressed, particularly for viruses encoding error- 
prone polymerases such as HIV-1. Thus, in future, siRNA 
expression cassettes will require a higher degree of sophisti- 
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cation, probably encoding tandem arrays of highly expressed 
siRNAs that target several conserved viral sequences simul- 
taneously. 

Much remains to be accomplished, but RN Ai will continue 
to play an important role in determining cellular gene function 
and shows a great deal of promise as a therapeutic agent. The 
next few years of research will indicate whether RNAi 
technology will realize its potential as the 'next wave of 
therapeutic molecules' . 3 
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Interfering with disease: 
opportunities and roadblocks 
to harnessing RNA interference 

Judy Lieberman, Erwei Song, Sang-Kyung Lee and Premlata Shankar 



RNA interference (RNAi) is an evolutionarily conserved 
mechanism for silencing gene expression by targeted 
degradation of mRNA. Short double-stranded RNAs, 
known as small interfering RNAs (siRNA), are incorpor- 
ated into an RNA-induced silencing complex that 
directs degradation of RNA containing a homologous 
sequence. RNAi has been shown to work in mammalian 
cells, and can inhibit viral infection and control tumor 
cell growth in vitro. Recently, it has been shown that 
intravenous injection of siRNA or of plasmids expres- 
sing sequences processed to siRNA can protect mice 
from autoimmune and viral hepatitis. RNAi could pro- 
vide an exciting new therapeutic modality for treating 
infection, cancer, neurodegenerative disease and other 



RNA interference (RNAi) is an ancient defense strategy 
that protects plants and lower invertebrates from viral 
infection and genomic damage by insertable genetic 
elements [1—5]. RNAi silences gene expression in a 
sequence-specific manner by cleaving mRNAs containing 
short sequences - 19 or more nucleotides in length - that 
are closely homologous to a target sequence. Two years 
ago, Sayda Elbashir and colleagues sparked a revolution in 
research when they demonstrated that RNAi operates in 
mammalian cells [6]. Researchers then moved rapidly to 
apply this new technique to understand mammalian gene 
function and to block gene expression in vitro [7]. A few 
studies have recently provided the proof of principle that 
RNAi can be used to protect mice from autoimmune and 
viral hepatitis. In this review, we will discuss the promise 
and hurdles in harnessing RNAi for human therapy and 
some of the clinical situations in which this novel therapy 
might be first applied. 

RNAi was initially described in plants and in 
Caenorhabditis elegans, when it was discovered that 
double-stranded RNA (dsRNA) was much more potent 
at silencing gene expression than either sense or 
antisense single-stranded RNA (ssRNA) [1-4]. Feeding 
worms with short dsRNA homologous to a sequence in 
an endogenous gene caused a dramatic and specific 
reduction of gene expression [8] . In parallel, the phenom- 
ena of co-suppression of endogenous gene expression and 
the antiviral response in plants were understood to be due 
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to post-transcriptional gene silencing of homologous 
sequences [9-11]. In the past few years, it has become 
clear that similar RNAi mechanisms exist in plants, fungi 
and throughout the animal kingdom, from worms and flies 
to mammals. RNAi works through the targeted degra- 
dation of mRNAs containing homologous (and in most 
cases identical) sequences to introduced short oligonucleo- 
tides (Fig. 1). In some organisms other than mammals, 
silencing can be amplified and spreads to target neighbor- 
ing sequences via a process that involves an RNA- 
dependent RNA polymerase [12,13]. RNAi can also occur 



1 1 1 1 1 1 1 1 1 1 II TTTTTTTTTT 
1 1 1 i 1 1 1 1 1 1 1 1 1 1 i 1 1 ! _LU_L 



TTfTTTTTT 
1 1 1 1 1 1 1 1 1 



siRNA b rrnrmr 

3 - LL.L1LLL1J 5 - 




Fig. 1. Mechanism of RNA interference. Double-stranded (ds) RNA are processed 
by Dicer, in an ATP-dependent process, to produce small interfering RNAs (siRNA) 
of -21 -23 nucleotides in length with two-nucleotide overhangs at each end. Short 
hairpin |sh) RNAs, either produced endogenously or expressed from viral vectors, 
are also processed by Dicer into siRNA. An ATP-dependent helicase is required to 
unwind the dsRNA, allowing one strand to bind to the RNA-induced silencing com- 
plex (RISC). Binding of the antisense RNA strand activates the RISC to cleave 
mRNAs containing a homologous sequence. 
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through additional mechanisms, which are just beginning 
to be described in mammalian cells [14]. These include 
some that work through changes in DNA methylation and 
chromatin structure induced by homologous dsRNAs, and 
others that work not through mRNA degradation but via 
translational arrest of mRNAs encoding closely homolo- 
gous sequences [15-19]. These latter mechanisms use 
endogenous microRNAs (miRNA), which might be par- 
ticularly important in regulating gene expression during 
development. miRNAs are often dsRNAs with imperfect 
pairing. 

Intracellular generation of small interfering RNAs 

In plants, small dsRNAs, complementary to both strands 
of the silenced gene, are generated from a longer dsRNA 
precursor [20]. RNAs of 21-22 nucleotides in length 
mediate RNAi, whereas longer sequences - 24 nucleotides 
in length - have been implicated in chromosomal silencing 
|21 23]. Processing of dsRNA to small interfering RNAs 
(siRNA) also occurs in Drosophila embryo and somatic cell 
extracts [24-27], These endogenously generated siRNA 
have a unique dsRNA structure; each strand has a free 5'- 
phosphate end followed by 19 base pairs (bp) of paired RNA 
with a two-nucleotide unpaired overhang at the 3' end 
(Fig. 1) [24,28], The search for the enzyme that processes 
longer dsRNA into siRNA focused on the RNase III family 
of ribonucleases, whose substrates are duplex RNAs and 
whose products contain such 5' ends. A class of evolutio- 
narily conserved RNase-III-like enzymes, containing RNA 
helicase activity and sharing a common PAZ (piwi- 
argonaute-zwille) domain, has now been identified in 
plants and diverse animal species, and has been shown to 
process dsRNA into siRNA [29-31]. The siRNA-generat- 
ing enzyme is called Dicer and is believed to act as a dimer. 
The RNAi machinery might also have other essential 
cellular functions; for example, deletion of RNAi genes in 
fission yeast interferes with proper segregation of chromo- 
somes during cell division and maintenance of transcrip- 
tionally silenced heterochromatin [32-34]. Participation 
in important cellular functions could explain why there 
are no known examples of naturally occurring animal cells 
incapable of RNAi. 

Mechanism of post-transcriptional gene silencing 

The mechanism of gene silencing induced by siRNA, 
elucidated in plants, worms and flies, has only just begun 
to be described in mammalian cells. Initially in worms, 
RNAi was shown to act after transcription [35]. Using 
Drosophila embryo lysates, Phillip Sharp and colleagues 
then showed that silencing occurred via the destabiliza- 
tion of mRNA and suggested that dsRNA might trigger the 
assembly of a nuclease complex to target homologous 
RNAs for degradation [36]. The current model suggests 
that duplex siRNA are first unwound using an ATP- 
dependent helicase and then one strand of the siRNA is 
incorporated into a large precursor RNA-induced silencing 
complex (RISC) [27,37], The activated RISC contains a 
single strand of RNA, a protein homologous to the product 
of the Argonaute gene family in plants (rde-1 in C. elegans, 
AG02 in Drosophila, GERp95 in human cells), and other 
uncharacterized factors, possibly including the unknown 



endonuclease responsible for cleaving the target RNA 
[37-40], When the RNA in the RISC complex is comp- 
lementary to a sequence in a target RNA, the RISC 
complex guides RNA cleavage in the middle of the 
homologous sequence. 

In mammalian cells, the introduction of dsRNA > 30 
nucleotides in length into the cytosol activates a pro- 
gramme of global gene suppression by translational arrest, 
by activating the antiviral interferon (IFN) response 
(4.1 -45]. Long dsRNA, produced in the life cycle of most 
viruses, activates the dsRNA-dependent protein kinase 
PKR, which phosphorylates the a-chain of the translation 
elongation ainitiation factor EIF2a, blocking all protein 
synthesis. As part of the antiviral response, activated PKR 
also induces IFN production and activates RNaseL to 
degrade RNA. However, because siRNA are only 21-25 
nucleotides in length, they do not efficiently activate PKR 
or IFN production, and hence their silencing effects are 
exquisitely sequence-specific 1 28,46], 

Gene silencing using RNAi in mammalian cells 

Although RNAi is an important antiviral defense in plants, 
there is currently no evidence that the endogenous 
antiviral response in mammals uses RNAi. However, the 
description of RNAi in mammals is very recent. Viral 
inhibitors of RNAi have been described in a few plant and 
animal viruses [47], so it would not be surprising if some 
viruses that infect mammals and produce a dsRNA 
intermediate in the cytoplasm have devised self-protective 
strategies that involve inhibition of RNAi. 

Delivery or expression of siRNA in mammalian cells has 
now been used to silence a wide range of genes in a variety 
of cell types [ 7] . These studies have included proof-of-concept 
studies to silence reporter genes (those encoding green 
fluorescent protein and luciferase) [6,48—56] and studies to 
knockdown gene expression as a rapid probe for gene 
function (e.g. those encoding tubulin, DNA methyltransfer- 
ase, lamin A, cadherin, Cdc20 and Cdk2) [6,52,54,57], An 
ever-increasing number of reports have probed potential 
therapeutic uses. For example, RNAi has been shown to 
work in vitro in a variety of conditions: (1) against cancer, 
by silencing Bcr-Abl, mutated Ras, human papilloma- 
virus (HPV) E6 and E7, activating transcription factor 2, 
or overexpressed proto-oncogenes such as Bcl-2 [58-62]; 
(2) against autoimmune diseases, by silencing Fas and 
caspase-8 [63,64]; against neurodegenerative diseases, by 
silencing polyglutamine sequences [65]; and (4) against 
viral infections with diverse replication strategies, includ- 
ing respiratory syncytial virus, poliovirus, hepatitis B 
(HBV), hepatitis C (HCV), HIV, HPV and influenza 
[66-77], Even genes that are highly transcribed, such as 
those encoding lamin A and tubulin, have been effectively 
silenced. However, silencing is typically incomplete - a 
'knockdown' rather than a 'knockout' - with residual gene 
expression usually at least a few per cent above baseline. 
Some residual gene expression might be due to untrans- 
fected cells in these studies. The studies on HIV success- 
fully targeted a variety of viral genes (gag, rev, tat), as well 
as the viral long terminal repeat and host cellular 
receptors (CD4 and CCR5). In rapidly dividing trans- 
formed cells, silencing by transfected siRNA lasts for less 
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than a week, but transduced macrophages are effectively 
silenced for at least three weeks, at least for some targeted 
genes [78]. siRNA directed against HIV p24 block HIV 
production only if given within a week of infection, but 
provide sustained inhibition for at least three weeks in 
already infected cells. 



Specificity of gene silencing 

In the Ras study, it was possible to target mutated Ras 
without affecting unmutated Ras, demonstrating the 
exquisite specificity of RNAi as a therapeutic tool [58]. 
However, this specificity could pose problems for thera- 
peutic uses in viral infection, where viral escape from 
RNAi selection in poliovirus has already been demon- 
strated [73], although the resistant virus was already 
present in the infecting inoculum in this study. One way 
around viral escape is to target more than one gene, either 
in the virus or by targeting both host and viral genes 
[68,78,79]. Moreover, the RNAi mechanism can tolerate 
some sequence mismatches, particularly away from the 
middle cleavage site [28] . However, this raises some ques- 
tions about whether nonspecific silencing of partially 
homologous genes will present a problem for therapeutic 
use. In fact, a recent in vitro study showed that some genes 
with incomplete homology could be partially silenced, an 
effect that was more pronounced at higher concentrations 
ofsiRNA [80]. 



Vectored delivery of siRNA 

Although these early studies were carried out by transfect- 
ing chemically synthesized siRNAs, more recently, 
dsRNAs have been expressed from stem-loop structures 
encoded by plasmids, retroviruses and lentiviruses 
[48,51-54,58,67,81-84]. These vectors provide a means 
for in vivo transduction of a variety of cells, including 
non-dividing cells, and open up a range of possible 
therapeutic uses for RNAi. The expression plasmids 
generally use a Pol III promoter and express sense and 
antisense strands separately or as a hairpin structure 
[48,51-54,58,67,81,82]. In cells, Dicer processes the short 
hairpin (sh) RNA [sense strand - short (—5-9 bp) loop - 
antisense strand; or alternatively, antisense strand - loop 
- sense strand) to an effective siRNA (Fig. 1). Sequences of 
siRNA expressed from retroviral and lentiviral vectors 
have been shown to silence expression effectively in a 
variety of primary cells [including embryonic stem (ES) 
cells, lymphocytes, macrophages and dendritic cells] 
[83,84]. Silencing can be controlled by engineering indu- 
cible expression of stem-loops [85]. Transfected or 
infected ES cells have already been used to produce 
transgenic mice with constitutive or inducible expression 
of siRNA [83] . However, infection with viral vectors could 
activate antiviral or inflammatory responses in some cells 
and interfere with the intended specificity. In particular, a 
recent study showed that shRNA vectors encoding siRNA, 
too short to induce an IFN response on their own, can 
nonetheless induce the expression of genes participating 
in the IFN response [80] . 



In vivo protection from hepatitis using RNAi 

Although most of these studies have been performed 
in vitro, often with co-transfection protocols, which might 
not mimic natural conditions, a few recent studies have 
demonstrated in vivo silencing using RNAi. For example, 
rapid injection of duplex siRNA in a large volume (— 1 ml) 
into the tail vein of mice effectively silenced co-injected 
reporter gene expression [55,56]. However, hydrodynamic 
injections are difficult to perform reproducibly in mice and 
require the rapid injection of 10-20% of the mouse blood 
volume. Therefore, it is unlikely that this method could be 
readily scaled up for clinical use. In the mouse experi- 
ments, the reporter gene was efficiently expressed only in 
the liver and a few other organs, and hence silencing was 
also demonstrated only in these organs. Hydrodynamic- 
ally injected duplex siRNA directed against Fas were 
efficiently taken up by mouse hepatocytes (88%), and 
effectively silenced endogenous gene expression for ten 
days without diminution |63). In vivo silencing in hepa- 
tocytes began to wane by 14 days and disappeared by 
21 days. Mice with silenced Fas expression were protected 
from hepatic destruction and death in two models of 
autoimmune hepatitis (Fig. 2). The livers of Fas-siRNA- 
treated mice, but not of control mice, were dramatically 



nous injection of small interfering RNAs (siRNA) targeting the apoptosis mediator, 
Fas. (a) Livers from mice given six weekly injections of concanavalin A were spared 
from fibrotic damage when Fas-siRNA was administered after the second and 
fourth injections (center panel). Injection of control saline solution (left panel) or of 
siRNA targeting the unrelated gene, green fluorescent protein (GFP) (right panel), 
did not prevent fibrotic damage. Original magnification x 100 for all panels, (b) In 
a more fulminant hepatitis model, induced by intraperitoneal injection of anti-Fas 
antibody, most mice pretreated with Fas-siRNA were protected from death, 
whereas all control mice died. Adapted from Ref. [63j. 
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protected in vivo from treatment with concanavalin A 
(ConA) or anti-Fas antibody. In the former case, injections 
of siRNA could provide protection from hepatic fibrosis 
even when they were initiated after the second of six 
weekly injections of ConA. Anti-Fas siRNA protected mice 
from death induced by anti-Fas antibody; all control mice 
died within three days but 82% of Fas-siRNA-treated mice 
survived and had normal liver histology ten days later. 
Many forms of fulminant hepatitis, irrespective of etiology 
(viral, autoimmune or transplant rejection), are mediated 
by engaging the Fas receptor on hepatocytes, and hence 
silencing Fas expression or more distal mediators of 
apoptosis could be a useful strategy for treating hepatitis 
more generally. In fact, a recent study, silencing caspase-8 
(activated downstream after Fas-receptor engagement), 
showed protection from both autoimmune and adenoviral 
hepatitis [64]. In addition, co-transfection by hydrodyn- 
amic injection in mice of an HBV plasmid [86] and a 
plasmid expressing shRNA targeting HBV sequences, 
processed to siRNA within cells, reduced HBV production 
and infection of liver cells [76]. Therefore, the potential of 
RNAi for treating hepatitis by targeting both apoptotic and 
viral genes has already been demonstrated in vivo. 

Moving siRNA therapy from mice to people 

Although hydrodynamic delivery of double- stranded 
siRNA can induce an effective silenced state in the livers 
of mice, it is unlikely that this strategy can be scaled up to 
humans because the introduction of duplex siRNA 
requires transiently generating high local intravascular 
pressure. In mice, siRNA are injected by bolus into the tail 
vein in a volume of ~ 10-20% of the mouse circulating 
blood volume. Although such a method could presumably 
be adapted to transduce selected tissues via regional 
catheterization [63,64] or to deliver siRNA pre-operatively 
into transplanted organs, it is unlikely to be possible to 
adapt this protocol safely for systemic human treatment. 

Although dsRNA is resistant to most RNases, the 
intravenous half-life of unmodified duplex siRNA is very 
short, because the small molecules are degraded by 
endogenous nucleases and are quickly filtered through 
the kidneys. Therefore, duplex siRNA will need to be 
chemically modified for use as an injectable drug. 

The usefulness of RNAi for therapy might be enhanced 
by targeted delivery to particular cells (such as virus- 
infected cells or tumors) or tissues, to prevent unwanted 
effects on normal host tissues. Targeted delivery can be 
achieved either by local administration (such as to the 
skin, mucosa or eye) or by injection via catheterization of 
the vascular supply to particular organs. In principle, 
chemically modified siRNA could also be covalently linked 
to ligands for cell-surface receptors, enabling delivery only 
to cells bearing these receptors. However, targeted 
delivery of duplex siRNA to induce a silenced state 
remains to be demonstrated. Similarly, viral vectors 
could theoretically be targeted by incorporating envelope 
genes for specific cell delivery. 

Delivery strategies for therapy 

Several strategies that have been developed to stabilize 
antisense oligonucleotides and ribozymes, including 



capping the 5' ends, modifying the ribose sugars or sub- 
stituting phosphorothioates, can stabilize siRNA without 
toxicity and might not jeopardize their ability to target 
mRNAs for degradation [87-89]. Moreover, some modifi- 
cations of the sense strand, particularly at the 3' end, are 
thought not to interfere with gene silencing [90]. Cova- 
lently coupling antibodies or ligands for cell-surface recep- 
tors to the 3' end of the sense strand should provide a 
method for targeting siRNA specifically to cells or tissues 
of therapeutic interest. Covalent or even non-covalent 
linkage to basic peptides that deliver oligonucleotides into 
cells, or incorporation of siRNA into liposomes, could also 
provide a universal delivery mechanism [91,92.]. Once 
inside the cell, duplex siRNA are expected to induce a 
silenced state that will last for 1-3 weeks (at least for cells 
that are not continuously undergoing cell division). This 
could be an ideal therapeutic window for many chronic 
diseases: long enough to require treatment only every few 
weeks or monthly, and short enough not to raise concerns 
about the long-term toxicity of permanently silencing a 
gene. However, introducing oligonucleotides into some 
non-dividing cells, such as lymphocytes or hematopoietic 
stem cells, is notoriously difficult and could require special 
strategies or delivery via viral vectors. 

In addition to delivering siRNA as a drug, there is also 
considerable interest in delivering siRNA expressed from 
plasmids or viral vectors [48,51-54,58,67,76,79,8.1-84]. 
These approaches have all the benefits and drawbacks of 
gene therapy. The benefits are potential life-long expres- 
sion of the siRNA, as a result of stable integration of the 
plasmid into genomic DNA, and the ability to target non- 
dividing cells such as stem cells, lymphocytes and neurons. 
The disadvantages are the low proportion of transduced 
cells and rapid loss of gene expression using current gene 
therapy methods, the danger of oncogenic transformation 
from insertional mutagenesis, and the danger of unanti- 
cipated toxicity from long-term silencing of human genes. 

Therapeutic targets 

Any gene is a potential target for silencing by RNAi, and 
hence the therapeutic possibilities are endless. This fact, 
coupled with the specificity and potency of silencing by 
siRNAs (~ 1000-fold more active on a molar basis than 
antisense oligonucleotides [93]), has caused some workers 
to tout siRNA as potentially the biggest revolution in 
therapeutics since the development of specific antibodies. 
Moreover, siRNA are likely to be much cheaper to 
manufacture and administer than antibody therapies. 
Therapeutic strategies for siRNA are based on silencing 
either 'nonessential' wild-type genes linked to disease or 
silencing mutated genes in which the mutation causes 
disease. Being able to deliver siRNA to specific cellular 
targets broadens the list of genes that can be silenced 
without inducing toxicity. Targeting mutated sequences is 
more costly and difficult to execute, because the therapy 
needs to be customized to the patient by determining the 
individual gene mutation and then synthesizing the 
homologous siRNA. The in vitro translational studies of 
RNAi carried out to date have focused mainly on viral 
infection and cancer, and these are likely to be the areas of 
early therapeutic efforts. 
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Viruses and other infectious agents 

Although RNAi is an ancient antiviral defense in plants, it 
is unknown whether it plays any role in the natural 
defense of mammalian cells against viruses. Nonetheless, 
it seemed logical to try to harness this mechanism for 
the control of viral infection, particularly given that the 
silencing of viral genes is unlikely to have adverse 
consequences for the host. In searching for sequences to 
target, those that lack homology to human genes are used. 
RNAi could be used to treat acute viral infections, such as 
influenza and severe acute respiratory syndrome, which 
cause major morbidity and death, or to treat chronic 
infections that eventually progress. The chronic infections 
that cause the most morbidity throughout the world are 
HBV, hepatitis C (HCV) and HIV. Other intracellular 
pathogens, such as Mycobacterium tuberculosis, might 
also be amenable to RNAi. These are likely to be among the 
first therapeutic targets investigated. 

Attractive viral targets are viral genes that are 
essential for replication, and sequences that are relatively 
conserved between viral strains, for which mutation would 
result in a less-robust infectious agent. Host genes that are 
required for viral entry or that play an essential role in the 
viral life cycle are also potentially good targets, providing 
that they are not required for survival of the cell. For RNA 
viruses, such as HIV or HCV, any region of the viral 
genome, including non-transcribed regions and regulatory 
genes, can also be targeted. It is possible that the RNAi 
machinery could be a limiting factor in mammalian cells, 
restricting the number of sequences that can be success- 
fully targeted at the same time within a cell. Nonetheless, 
to minimize the risk of viral escape mutations under- 
mining RNAi, the simultaneous targeting of several viral 
and/or host genes that are important at different stages in 
the viral life cycle might be a useful strategy. Moreover, 
synergistic enhancement of viral suppression has been 
demonstrated by targeting more than one gene [78] . 

Although bacteria are not amenable to silencing by 
siRNA, because they mainly replicate outside of cells and 
lack the RNAi machinery, it might be possible to reduce 
morbidity and mortality from life-threatening bacterial 
infections by silencing genes involved in those aspects of 
the stereotypical host immune response that lead to 
adverse consequences. For example, reducing the expres- 
sion of pro-inflammatory cytokines, such as interleukin-1 
(IL-1) or tumor necrosis factor a (TNF-a), might lessen the 
risk of septic shock, without jeopardizing the development 
of protective immunity. Such treatments would comp- 
lement antibiotic therapies and could be instituted even 
before an infectious agent has been identified. In fact, in a 
recent study in mice, sepsis induced by treatment with 
lipopolysaccharide was blocked by injecting liposomes 
containing duplex siRNA targeting TNF-a [94] . 

Cancer 

Several in vitro studies have already demonstrated the 
potential use of RNAi for treating cancers [58-61]. Gene 
targets that have been shown to slow tumor growth 
include the products of genes that are characteristically 
mutated generically or in specific cancers - either as 
translocations such as Bcr-Abl in chronic myeloid 



leukemia, or as point mutations such as Ras - to produce 
constitutively active oncogenes. The oncogenic potential of 
Ras mutation is atypical in that the changing of a single 
amino acid renders the molecule constitutively active and 
oncogenic, and hence a small number of different muta- 
tions are seen repeatedly in many cancers. As a result, 
targeting Ras would not need require a customized 
therapy for each tumor. However, although most of the 
other types of cancer mutations, such as translocations, 
occur in fairly well-defined locations, they are nonetheless 
too diverse to be targeted without sequencing the mutated 
gene for each tumor that needs to be treated. However, 
targeting the downstream sequence of a translocated gene, 
such as an Abl sequence in Bcr-Abl, might be an effective 
therapy, particularly if the tumor cell could be transfected 
selectively in vivo. 

However, there are several genes that are not mutated 
in cancer, but are overexpressed to make cells resistant to 
native immunity, treatment or normal senescence. Many 
of these genes are overexpressed in a wide array of tumors 
and are attractive targets for silencing. These include the 
genes encoding: (1) the multidrug-resistance protein, 
MDR, which pumps chemotherapeutic drugs out of 
tumors; (2) telomerase, which overcomes the chromosomal 
shortening that occurs with each cell division; and (3) 
Bcl-2, which makes cell resistant to caspase-mediated 
apoptosis. Other potential targets for RNAi are growth 
factors or growth factor receptors that have an oncogenic 
role in specific tumors. Examples include IL-6 for multiple 
myeloma and Her-2 for breast cancer. Other possible 
targets are viral oncogenes, such as the HPV genes E6 and 
E7 for cervical cancer. Synthesis of angiogenic factors by 
vascular endothelia or tumors could also be silenced. 

In fact, the list of possible cancer targets for RNAi 
includes all of the genes that have been recently targeted 
using conventional drugs, antibodies or antisense oligo- 
nucleotides. What makes RNAi an attractive alternative is 
the anticipated high degree of specificity of its effect, rarely 
seen with small-molecule inhibitors. The possibility of 
hitting multiple gene targets at the same time also greatly 
increases the chances of success. The success of RNAi 
therapy for cancer, as for other indications, will depend in 
large part on stable and, if possible, tumor-specific deliv- 
ery. The delivery methods will need to be tailor-made for 
each type of cancer. For example, for cervical cancer, local 
instillation of stabilized duplex oligonucleotides could be all 
that is required. However, for disseminated or hematological 
tumors, targeting via cell-specific receptors might work 
better, particularly if the target gene(s) has an essential 
function(s) in non-transformed cells. 

Neurodegenerative disease 

Another class of diseases that have defied conventional 
approaches, but might be amenable to RNAi, are neuro- 
degenerative diseases caused by the overexpression of 
mutated genes or of proteins containing long polyglut- 
amine stretches [65]. Targeting the expression of the 
mutated allele or the polyglutamine sequence could slow 
or prevent the onset of neuronal cell death. Interfering 
with the expression of apoptotic genes selectively in the 
nervous system could have the same effect. It is not known 
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whether siRNA cross the blood-brain barrier. Again, the 
limiting factor is elucidating the best selective delivery 
strategy for targeting neurons. This might require local 
injection into the cerebrospinal fluid of modified siRNA 
or of retroviruses, or lentiviruses that efficiently infect 
nerve cells. 

Other indications 

The therapeutic possibilities are endless. Almost any 
disease in which expression or overexpression of a native 
or mutated gene causes disease is a potential target, 
providing that low expression (~ 10% of wild-type) will not 
be toxic. Initial clinical studies will inevitably be chosen to 
treat ailments that afflict a large number of people, but 
currently have no available treatment or a suboptimal or 
expensive treatment. 

Potential sources of toxicity 

SiRNA appear to have high specificity but, like any small 
molecule, both sequence-specific and -nonspecific impedi- 
ments to therapeutic application could arise, once the 
delivery issues have been solved. Targeted delivery, if 
possible, will reduce the likelihood of toxicity. Most side 
effects are also expected to be dose-dependent and could be 
mitigated by administering less siRNA, adjusting its half- 
life by chemical modification, or by using a less-potent 
expression system for vectored delivery. Possible side 
effects include unintended silencing of partially homolo- 
gous genes, either by mRNA degradation or suppressing 
translation, or induction of global gene suppression by 
activating the IFN response, especially when shRNAs are 
expressed from viral vectors. Another potential problem 
caused by the therapeutic introduction of siRNA could be 
inhibition of the function of endogenous miRNAs by 
competing for the RNAi machinery. 

Conclusions 

RNAi provides an exciting new therapeutic tool with a 
wide array of potential disease targets. The specificity and 
effectiveness of gene silencing with RNAi promises 
therapies with a high therapeutic index. Devising strat- 
egies to deliver siRNA into cells in a stable and cell-specific 
manner is the major impediment at present. Given the 
rapid pace in the field, with impressive demonstrations of 
efficacy in vitro and in mice, human pilot studies to provide 
the proof of principle for therapeutic use are likely to be 
undertaken within the next few years. 
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Small interfering RNA (siRNA) targeting VEGF effectively 
inhibits ocular neovascularization in a mouse model 

Samuel J. Reich, Joshua Fosnot, Akiko Kuroki, Waixing Tang, Xiangyang Yang, Albert M. Maguire, Jean Bennett, 
Michael J. Tolentino 



F. M. Kirby Center for Molecular Ophthalmology, Department of Ophthalmology, Scheie Eye Institute, University of Pennsylvania, 
Philadelphia, PA 

Purpose: RNA interference mediated by small interfering RNAs (siRNAs) is a powerful technology allowing the silenc- 
ing of mamalian genes with great specificity and potency. The purpose of this study was to demonstrate the feasibility of 
RNA interference mediated by siRNA in retinal cells in vitro and in the murine retina in vivo. 

Methods: siRNAs specific for enhanced green fluorescent protein (EGFP) and murine and human vascular endothelial 
growth factor (VEGF) were designed. Tn vitro studies in human cell lines entailed modulation of endogenous VEGF levels 
through chemically induced hypoxia. Effects of siRNA treatment on these levels were measured by ELISA. In vivo 
studies evaluating effects of siRNA on levels of EGFP and VEGF were performed by co-injecting recombinant viruses 
carrying EGFP or hVEGF cDNAs along with the appropriate siRNAs subretinally in mice. Additional studies aimed at 
blocking production of endogenous mVEGF were performed using laser-induced choroidal neovascularization (CNV) in 
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were measured in intact eyes using ELISA. 

Results: Successful delivery of siRNA to the subretinal space was confirmed by observing significantly reduced levels of 
EGFP in eyes treated with Ad. CM V. EGFP plus EGFP-dirceted siRNA. siRNAs directed against hVEGF effectively and 
specifically inhibit hypoxia-induced VEGF levels in human cell lines and after adenoviral induced hVEGF transgene 
expression in vivo. In addition, subretinal delivery of siRNA directed against murine 1 1#/ significantly inhibited CNV 
after laser photocoagulation. 

Conclusions: Delivety of siRNA can be used in vitro and in vivo to target specific RNAs and to reduce the levels of the 
specific protein product in the targeted cells. This work suggests that RNA interference has potential for application to 
studies of retinal biology and for the treatment of a variety of retinal diseases, including those involving abnormal blood 
vessel growth. 



RNA interference (RNAi) is a process conserved through- 
out many eukaryotic organisms, in which the presence of 
double stranded RNA (dsRNA) in a cell results in the destruc- 
tion of mRNAs whose sequences share homology to the 
dsRNA. This phenomenon is now being exploited as a power- 
ful tool for reverse genetics, and shows great promise for thera- 
peutic applications. Elbashir et al. [1] have shown that syn- 
thetic RNAs of 21 and 22 nucleotides in length are able to 
mediate cleavage of the target RNA. These RNAs are termed 
small interfering RNA (siRNA). This group has also shown 
that siRNAs are involved in degrading homologous RNAs in 
mammalian cells [1]. Recently it was demonstrated that RNA 
interference mediated by siRNAs can specifically target se- 
quence from hepatitis C virus in living mice [2,3]. 

Technology that allows the downregulation of expression 
of specific genes expressed in the retina would have numer- 
ous applications ranging from improving our understanding 
of the basic biology of the retina to providing therapy for blind- 
ing diseases. As a first step in evaluating the potential of reti- 
nal delivery of siRNA, we selected three target genes for study: 
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the reporter gene, enhanced green fluorescent protein (EGFP) 
and both human (h) and murine (m) vascular endothelial 
growth factor ( VEGF). We designed siRNAs directed specifi- 
cally against these genes and tested their abilities to mediate 
RNA interference in vitro in human cell lines and in vivo in 
mice. The ability of siRNA molecules to silence endogenous 
VEGF gene expression was also evaluated in an animal model 
for age-related macular degeneration (AMD): the murine la- 
ser-induced model of choroidal neovascularization (CNV) [4]. 
CNV, found in the "wet" form of AMD, is characterized by 
the growth of new blood vessels below the retina. While mul- 
tiple pro-angiogenic proteins may be involved in CNV, VEGF 
has been shown in both clinical and bench research studies to 
play a critical role in the pathophysiology of this blinding con- 
dition [5-14], VEGF is known to be upregulated in the laser 
photocoagulation model of CNV [15]. Our studies demon- 
strate that siRNA can be used to downregulate the expression 
of two different genes expressed in the retinal pigment epithe- 
lium (RPE). We also show that siRNA targeting Vegf can be 
used to decrease the extent of CNV in the laser photocoagula- 
tion model. These findings suggest that delivety of siRNA 
directed against VEGF may be a useful approach with which 
to treat retinal diseases with a neovascular component. 
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METHODS 

siRNA design: Selection of siRNAs was based on the charac- 
terization of siRNA by Elbashir et al [1,16]. An 
hVEGF5.siRNA targeting the sequence 5'-AAA CCU CAC 
CAAGGC CAG CAC-3' was selected. This siRNA consisted 
of an RNA duplex containing a sense strand 5'-ACC UCA 
CCAAGG CCA GCACdTdT-3' and an antisense strand 5'-G 
UGC UGG CCU UGG UGA GGUdTdT-3'. For rescue of the 
CNV model an siRNA was designed that targets mouse Vegf 
mRNA at the sequence 5'-AAC GAU GAA GCC CUG GAG 
UGC-3'. The sense strand of this molecule. mVegf 1 .siRNA, 
was 5'-CGA UGA AGC CCU GGA GUG CdTdT-3' and the 
antisense strand was 5'-GCA CUC CAG GGC UUC AUC 
GdTdT-3'. The siRNA used to downregulate EGFP expres- 
sion targeted the following sequence in EGFP mRNA: 5'-GGC 
UAC GUC CAG GAG CGC ACC-3'. The sense strand of this 
molecule, EGFP1. siRNA, was 5'-P GGC UAC GUC CAG 
CGC ACC-3' and the antisense strand was 5'-P U GCG CUC 
CUG GAC GUA GCC UU-3' (Pre-synthesized control siRNA 
green fluorescent protein duplex, Dharmacon Research Inc 
(Lafayette, CO)). The EGFP 1 .siRNA was also used as a con- 
trol for studying the effects of hVEGF5. siRNA and 
mVegf 1 .siRNA. All synthetic RNA sequences were synthe- 
sized and purified by Dharmacon Research, Inc. 

Preparation of recombinant adenoviruses: Serotype 5, 
El -deleted replication defective adenovirus vectors were pre- 
pared and used as described [17,1 8]. Transgenes were driven 
by the cytomegalovirus (CMV) promoter. The viruses were 
prepared in human embryonic kidney '293' cells, purified by 
double CsCl density gradient centrifugation and stored in 10% 
glycerol at -70 KC prior to use. 

siRNA transfection and hypoxia induction in vitro: Hu- 
man cell lines (human embryonic kidney '293' andHeLa cells, 
ATCC, Manassas, VA) were seeded into 24 well plates one 
day prior to transfection. At the time of transfection with 
siRNA, the cells were about 50% confluent in 250 od of com- 
plete DMEM medium. Transfections of siRNA (at 13 nM) 
were performed in all cells lines using the Transit TK O Trans- 
fection reagent (Minis, Madison, WI; using guidelines pro- 
vided by the manufacturer). Controls included transfection 
reagent lacking siRNA, and nonspecific siRNA 
(EGFP1 .siRNA). 24 h after transfection, hypoxia was induced 
in the cells by the addition of desferrioxamine to a final con- 
centration of 130 mM in each well as described [19]. 48 h 
post transfection the supernatant was removed from all wells 
and a human VEGF ELTSA (R&D systems, Minneapolis, 
MN) was performed on the cell supernatants as described in 
the Quantikine human VEGF ELTSA protocol. ELISA results 
were read on a Wallac Victor2 ELISA plate reader (Perkin 
Elmer Life Sciences, Inc., Boston, MA). Experiments were 
repeated four times using 293 cells and three times using HeLa 
cells. The Student's t-test was used for statistical analysis us- 
ing the combined data from each of the replicates. 

In vivo studies and tissue analysis: Animal experiments 
were performed in accordance with institutional guidelines for 
the care and use of animals in research. Both adenovirus and 
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siRNA were delivered subretinally to five adult C57B1/6 mice 
(Jackson Labs, Bar Harbor, ME) as described previously [17]. 
The mixture injected contained about 1x10 s particles of 
Ad.CMV.EGFP, generously provided by Dr. J. Wilson (Dept. 
of Medical Genetics, University of Pennsylvania), and 20 pi- 
comoles of EGFP 1. siRNA conjugated with transit TKO re- 
agent (Minis). As positive control, contralateral eyes received 
a mixture containing the same amount of Ad.CMV.EGFP and 
20 picomoles of 1TVEGF5. siRNA conjugated with transit TKO 
reagent (Minis). Production of EGFP was detected by oph- 
thalmoscopy 48-60 h after injection as described [20]. Ani- 
mals were sacrificed and the eyes were enucleated and fixed 
in 4% paraformaldehyde. Eyes were prepared as either flat 
mounts (4 animals/8 eyes) or as 10 <xm cryosections for fluo- 
rescent microscopy (1 animal/2 eyes). Microscopic examina- 
tions were performed with a Zeiss fluorescent dissecting mi- 
croscope and with a Leica DMR microscope (Welzlar, Ger- 
many) equipped with epifluorescence illumination. Images 
were captured using a Hamamatsu CCD camera (Hamamatsu 
Photonics, Bridgewater, NJ) using OpenLab 2.2 software 
(Improvision, Boston, MA). 

Inhibition of human VEGF in vivo: Ad.CMV.hVEGF, 
generously provided by Dr. M. Herlyn (Molecular and Cellu- 
lar Oncogenesis, University of Pennsylvania), was injected 
subretinally and bilaterally in eyes of five C57B1/6 mice. One 
eye of each animal was co-injected with mVegfl .siRNA and 
contralateral eyes were co-injected with EGFP1. siRNA as 
control. Two days later, eyes were snap frozen in liquid N 2 
following enucleation. All eyes were homogenized in lysis 
buffer (Roche, Basel, Switzerland) and total protein was mea- 
sured using a Bradford assay. The samples were all normal- 
ized for total protein prior to assaying for human VEGF by 
ELISA. The ELISA was performed according to the manu- 
facturers recommendations (R&D systems). 

Laser induced CNV model studies: Adult (8- 1 5 week old) 
female C57B1/6 mice (n=30) were anesthetized with avertin 
(2,2,2-tribromoethanol) and pupils were dilated with 1% 
tropicamide. Laser photocoagulation was performed bilater- 
ally using a diode laser photocoagulator (IRIS Medical, Moun- 
tain View, CA) and slit lamp system with a cover slip as a 
contact lens. Laser photocoagulation (140 mW, 75 am spot 
size, 0.1 s duration) was applied to the 8 and 10 o'clock posi- 
tions in the right eye and 2 and 4 o'clock positions in the left 
eye, 2 to 3 disk diameters from the optic nerve. Since the rup- 
ture of Bruch's membrane is necessary to create significant 
CNV [4], bubble formation at the time of photocoagulation 
was used as an indication of the rupture of Bruch's membrane. 
Laser burns that did not induce a rupture in Bruch's mem- 
brane were excluded from the study. Lesions in which two 
laser spots became confluent were also excluded from the 
study. 

Approximately 36 h after laser treatment, siRNA was de- 
livered to both eyes by subretinal injection. A mixture con- 
taining about 1x10 s particles of Ad.CMV.LacZ, generously 
provided by Dr. J. Wilson, and 20 picomoles of mVegfl .siRNA 
conjugated with transit TKO reagent (Minis) was injected. As 
control, contralateral eyes received a mixture of the same 
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molecules except that mVegfl.siRNA was replaced with 
EGFPl.siRNA. Two weeks after laser photocoagulation, ani- 
mals were perfused with high molecular weight dextran-fluo- 
rescein (Molecular Probes, Eugene, OR) to label the retinal/ 
choroidal vasculature and eyes were harvested. The area of 
CNV was measured in choroidal flat mount preparations by a 
masked individual using modifications of methods described 
previously [4,21]. These modifications are as follows: Micro- 
scopic examinations were performed with a Leica DMR mi- 
croscope (Wetzlar, Germany) equipped with epifluorescence 
illumination. Lesions in the dextran-fluorescein-perfused flat 
mount preparations were identified as circular fluorescent 
(fluorescein positive) areas corresponding with the area pre- 
viously exposed to the laser light. Images of the lesions were 
captured using a black and white Hamamatsu CCD camera 
(Hamamatsu Photonics, Bridgewater, NJ) coupled to a Apple 
Macintosh G4 computer (Cupertino, CA) equipped with 
OpenLab 2.2 software. Images for calibration were obtained 
from a slide with a grating of known size. The hyperfluorescent 
fluorescein-dextran labeled blood vessels within the area of 
the laser burn were selected as a "region of interest" (ROI) 
using Openlab software and this software was used to calcu- 
late the area (am 2 ) occupied by the white pixels in the ROIs. 
The ROIs were selected after collecting the images under iden- 
tical integration settings. They were selected by using the 
Openlab "magic wand" tool to identify pixels in the laser burn 
site at a range of 2000-4090 intensity units. (The intensity units 
are defined within the Openlab software. The units selected 
represented levels measured in normal fluorescein-perfused 
vasculature. For reference, the intensity of background, non- 
fluorescent, areas was <450 intensity units.) The ROIs were 
generally well-circumscribed by a region lacking fluorescence. 
After measuring the areas of CNV, images were colorized in 
Openlab by applying an intensity ramp at 5 15 nm (the wave- 
length at which the image data were captured) using the "Ap- 
ply wavelength" function. This intensity ramp was applied to 
all of the pixels in the image and made the whitest pixels the 
brightest green color. The images were then exported to Adobe 
Photoshop software for presentation purposes. Situations in 
which there was no evidence of a laser bum after bright field 
analysis of choroidal flatmounts were excluded. Statistical 
analysis of the results was performed using a one-tailed distri- 
bution, two sample unequal variance Student's t-test. 

RESULTS 

Hypoxia-induced upregulation of human VEGF is hailed by 
siRNA application in vitro: The ability of hVEGF5.siRNA to 
target human VEGF mRNA was tested in vitro in a system 
whereby exposure to desferoxamine results in the induction 
of hypoxia-signaling events. That, in turn, induces VEGF ex- 
pression [19]. 

Prior to hypoxia induction, two different human cell lines 
(embryonic kidney ["293"] cells and ovarian carcinoma [HeLa] 
cells) were transfected with hVEGF5.siRNA. As control, ad- 
ditional cells were transfected with an siRNA (EGFP 1 .siRNA) 
designed to target the reporter gene, EGFP, or with buffer 
alone. VEGF upregulation occurs due to a desferrioxamine- 



mediated induction of the HTF-1 hypoxic signaling pathway 
within 24 h [19]. To upregulate VEGF via this method, cells 
were exposed to desferrioxamine 24 h post-transfection. A 
human VEGF ELISA was performed on cell supematants 24 
h after desferrioxamine withdrawal in order to measure the 
effects of siRNA treatment on hVEGF levels. The hypoxia- 
mediated increase in hVEGF protein was reduced significantly 
in the presence of hVEGF5. siRNA (Figure 1). Exposure to 
the non-specific siRNA (EGFPl.siRNA) or to buffer lacking 
siRNA had minimal effect on hVEGF levels. EGFP 1 .siRNA 
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Figure 1 . RNA interference disrupts desferrioxamine induced up-regu- 
lation of VEGF in vitro. The hVEGF5. siRNA or control reagents 
were transfected into 293 cells (A) and Hela cells (B) prior to induc- 
ing hypoxia with desferrioxamine. VEGF levels were measured in 
cell supematants by ELISA 24 h after hypoxia induction. Hypoxia 
induced VEGF expression. In both 293 cells and HeLa cells, expo- 
sure to h VEGF 1. siRNA reduced die amount of VEGF produced af- 
ter hypoxia (p<0.01 for both cell types). There was no significant 
difference in the amount of VEGF produced by hypoxic cells when 
control reagents (EGFP 1 .siRNA) or no siRNA were delivered. The 
error bars represent the standard errors of the mean of 4 or 3 repli- 
cates, respectively, for the 293 and HeLa cells. 




Figure 2. Effect of 
EGFP 1 .si RN A on EGFP ex- 
pression in RPE cells in vivo. 
Eyes of mice were injected 
subretinally with 
Ad. CM V. EGFP in the pres- 
ence of either EGFP1 .siRNA 
(A,C) or hVEGF5.siRNA 
(B,D). Levels of EGFP were 
low in th ected port! 
EGFP1 .siRNA-treated eyes 
on inspection of flat mount 
preparations (A) and 
cryosections (C). No EGFP 
was detectable in the 
uninjected portions of these 
retinas. In comparison, high 
levels of EGFP were present 
in the region of injection in 
flat mounts (B) or 
cryosections (D) of eyes ex- 
posed to the control 
hVEGF5 .siRN A. Arrows 
point to boundaries of injec- 
tion blebs. Sections within 
the regions demarcated by 
the arrows in panels A and B 
are shown in panels C and D, 
respectively. 



had no significant inhibitory effect on the concentration of 
hVEGF after exposure to hypoxic conditions in both 293 cells 
(Figure 1 A; p=0.22) andHeLa cells (Figure IB; p=0. 1 5). There 
was no significant difference in hVEGF levels comparing 
normoxic and hypoxic, hVEGF5.siRNA-treated 293 cells 
(p=0. 1 7). Human VEGF levels were significantly lower in the 
hypoxia plus hVEGF5.siRNA-treated cells than in cells treated 
with normoxia alone (p<0.01). 

The ability to down-regulate VEGF production with an 
siRNA in vitro prompted us to explore the in vivo application 
of siRNA in the retina. 

In vivo delivery ofsiRNAs to murine retinal pigment epi- 
thelial cells: Retinal pigment epithelial cells are thought to 
be the cells that, through abnormal VEGF production, initiate 
the process that leads to pathologic neovascularization (i.e. 
CNV) in AMD [1 2- 14]. To determine whether siRNAs can be 
effectively delivered to the RPE, we expressed EGFP in those 
cells in vivo using a recombinant adenovirus, a virus that tar- 
gets these cells efficiently and nearly exclusively after 
subretinal injection in adult mice. Recombinant adenovirus 
also results in a rapid onset of transgene expression [17,22]. 
In this system, we tested the possibility that EGFP 1. siRNA 
would reduce levels of EGFP protein. Five mice received bi- 
lateral subretinal injections with Ad.CMV.EGFP, an E1/E3- 
deleted recombinant adenovirus delivering the EGFP cDNA 
driven by the CMV promoter. In the right eyes EGFP 1 .siRNA 
was also injected and in the contralateral eyes an siRNA unre- 



lated to EGFP (hVEGF5. siRNA) was injected as a non-spe- 
cific control. Ophthalmoscopy was performed 48 h post in- 
jection, the time at which adenovirus-mediated transgene ex- 
pression in this system is maximal [17]. Ophthalmoscopy in- 
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Figure 3. RNA interference significantly diminishes levels ofhVEOF 
in vivo. Ad.CMV.hVEGF was delivered by subretinal injection bi- 
laterally in 5 animals in the presence of either hVEGF5. siRNA or, in 
contralateral eyes, EGFP 1 .siRNA as control. Animals were sacrificed 
48 h post-injection, and the eyes were removed and processed for 
VEGF ELTSA. Bars represent the means, the error bars represent the 
standard errors of the mean. Injection of hVEGF5. siRNA results in 
significant reduction in levels of hVEGF compared to injection of 
EGFPl.siRNA(p<0.0013). 
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dicated that levels of EGFP were significantly lower in 4 of 
the 5 eyes co-injected with EGFPl.siRNA compared to the 5 
eyes co-injected with hVEGF5.siRNA (not shown). The mice 
were sacrificed 48-60 h post-injection, and the eyes were har- 
vested and evaluated for presence and amount of EGFP by 
inspection of retinal flat mounts and histological preparations. 
Figure 2A,B is representative of the flat mount results. There 
were only low levels of EGFP-specific fluorescence in whole 





mount preparations of the eyes that had received 
EGFP 1 .siRNA (Figure 2 A) whereas EGFP was intensely fluo- 
rescent in retinas co-injected with hVEGF5. siRNA (Figure 
2B). Uninjected portions of the eyes showed only background 
levels of fluorescence. Histological analyses revealed faint 
levels of EGFP in occasional cells of the injected portions of 
the retinas co-injected with EGFPl.siRNA (Figure 2C) but 
high levels of EGFP in the analogous regions of the contralat- 
eral eyes co-injected with hVEGF5.siRNA (Figure 2D). 

1 ' < m YEG ncedb) siRNA 

in murine retina in vivo: Having demonstrated delivery of 
siRNA to RPE cells and significant diminution in levels of a 
marker protein, we sought to inhibit expression of a biologi- 
cally relevant molecule in the retina m vivo. VEGF is an ideal 
candidate as this molecule is known to play a significant role 
in retinal neovascular disease [8-11]. Ad.CMV.hVEGF was 
used to deliver h VEGF as this virus can upregulate pharmaco- 
logical levels of hVEGF and is capable of producing CNV 
when injected in the subretinal space [23,24]. 

One eye of each of 5 animals was co-injected with 
Ad.CMV.hVEGF and hVEGF5.siRNA while contralateral eyes 
were co-injected with Ad.CMV.hVEGF and EGFPl.siRNA 
as control. The animals were sacrificed 60 h post-injection 
and the eyes were processed for a human VEGF ELIS A. There 
was a significant attenuation of VEGF levels in eyes that had 
received hVEGF5. siRNA as compared to the control 
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Figure 4. The extent of CNV is significantly reduced after subretinal delivery of mVegf 1 .siRNA. Thirty- 
lation, mVegfl. siRNA was delivered subretinally in one eye of each of 30 mice. Contralateral eyes \ 
siRNA. Animals were perfused with dextran-fluorescein and the areas of CNV were measured in cho 

treatment. There is a significant difference (p<0.003) in mean areas of CNV between eyes injected with mVegf'1 .siRNA versus EGFPl.siRNA 
(panel A). Representative areas of CNV in eyes of a dextran-fluorescein-perfused animal that had received EGFPl.siRNA in one eye but 
mVegfl .siRNA in the other are shown in the colorized panels B and C, respectively. The CNV lesions were generally well-circumscribed by 
a region lacking fluorescence (as in panel B). CNV was identified by observing dextran-fluorescein-filled blood vessels on the choroidal/ 
retinal interface, which are normally absent. 
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Molecular Vision 2003; 9:210-6 ill > » I 

EGFPl.siRNA (Figure 3). The data demonstrate that the 
hVEGF siRNA is effective in decreasing levels of hVEGF in 
murine RPE cells in vivo. 

Inhibition of choroidal neovascularization using siRNA 
directed at murine Vegf: To determine whether siRNA can 
inhibit CNV in an animal model, we tested the effects of de- 
livery of an siRNA directed against murine Vegf 
(mVegf 1 .siRNA) in a laser induced model of CNV. We deliv- 
ered mVegfl .siRNA by subretinal injection to the RPE of mice 
36 h after laser treatment. The areas of m Vegf i. siRNA injec- 
tion encompassed all of the laser spots as well as untreated 
retina adjacent to these spots. Contralateral eyes received 
siRNA targeting EGFP (EGFP 1 .siRNA) as control. The mice 
were perfused with dextran-fluorescein 14 days after the laser 
treatment, the time of maximal neovascularization, and the 
areas of neovascularization were measured using digital im- 
age capture around the burn spots. The majority of lesions 
(75% for the EGFP 1 .siRNA-treated eyes and 80% for the 
Vegfl.siRNA-treated eyes) met the criteria for analysis (see 
Methods). The locations of these neovascular areas exactly 
coincided with the sites initially exposed to laser. 
Neovascularization was not observed in portions of the retina 
that had not been exposed to laser. The areas of 
neovascularization in animals that received m Vegf 1 .siRNA 
were, on average, one quarter of the area of the control-treated 
spots (Figure 4, p<0.003). These data show that siRNA target- 
ing mVegf is capable of inhibiting CNV in the laser photoco- 
agulation model. 

DISCUSSION 

The data presented here represent the application of a tech- 
nology to inhibit expression of genes in the retina, specifi- 
cally to inhibit the expression of VEGF. To our knowledge, 
the data presented here describe the first successful applica- 
tion of siRNA to the retina. siRNA was used to significantly 
decrease levels of exogenous expression of transgenes both in 
vitro and in vivo. Results shown here from in vitro studies 
using siRNA directed against VEGF revealed a significant 
reduction in the amount of VEGF protein produced under hy- 
poxic conditions. Even more impressive due to the high lev- 
els of protein produced after delivery of recombinant aden- 
ovirus, siRNA directed against VEGF significantly reduced 
VEGF protein levels after delivery of Ad.CMV.hVEGF in vivo. 
Finally, a lest for relevance of PEGF-directed siRNA towards 
human retinal disease comes from studying its effect in an in 
vivo model of CNV. In accord with the in vitro and the in vivo 
Ad.CMV.hVEGF data, application of a Fegf directed siRNA 
significantly reduced the extent of neovascularization in the 
murine laser photocoagulation model of CNV. The results pro- 
vide an encouraging first step in application of siRNA tech- 
nology to the retina. 

As with any new technology, the data from the siRNA 
studies presented here invite many questions. For example: 
how can this technology be applied to other (non RPE) retinal 
cell types? While these data demonstrate delivery of functional 
siRNA to the RPE they do not explore delivery of the mol- 
ecules to other retinal cells. Subretinal delivery of adenovirus 
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efficiently targets the RPE and occasional Muller cells, but 
not other layers of the adult retina [17]. Because the reporter 
protein was only expressed in the RPE we cannot currently 
assess the delivery of siRNA to other retinal cell types. We are 
currently employing other assays to address efficient delivery 
to the photoreceptors, Muller cells and ganglion cells. What is 
the stability of the effect? Is there any toxicity induced by the 
delivery or the composition of the siRNAs? Although there 
was no qualitative evidence of acute toxicity in the small num- 
ber of samples we evaluated, it will be important to formally 
evaluate both acute and chronic toxicity of the treatment/siRNA 
in a larger number of eyes. Tn the case of laser photocoagula- 
tion/CNV, how efficacious is the effect of VEGF.siRNA when 
it is administered at different stages of the disease? Will siRNA- 
mediated therapy be effective in other animal models of reti- 
nal neovascularization? VEGF siRNA-mediated rescue of ad- 
ditional models of ocular neovascularization such as the mu- 
rine retinopathy of prematurity model [25] and models in larger 
animals are currently being studied in pursuit of answers to 
these questions. 

The stability of the siRNA-induced interference effect on 
retinal cells is unknown at present. Experiments in progress 
aim to characterize the timecourse and magnitude of the ef- 
fect after siRNA transfection. If this effect is found to be short- 
lived, there are other modifications that could be used to 
achieve a more sustained effect. For example, the combina- 
tion of siRNA technology with recombinant viral vector tech- 
niques is a particularly promising avenue. Vims-mediated 
delivery of siRNA would allow delivery of therapeutic siRNA 
molecules that are replenished over time. Regardless of the 
mode of delivery, the potential of siRNA for contributing to a 
diverse set of applications is exciting. The possibilities range 
from using this technology to define developmental and physi- 
ological processes in the retina to testing approaches that might 
result in therapy for a diverse set of ocular diseases, including 
those involving ocular neovascularization. 
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ABSTRACT 

RNA interference (RNAi) describes a highly conserved mechanism of sequence-specific posttran- 
scriptional gene silencing triggered by double-stranded RNA (dsRNA). Whereas RNAi is applied to 
study gene function in different organisms and in variant cell types, little is known about RNAi in hu- 
man hematopoietic stem and progenitor cells and their myeloid progeny. To address this issue, short 
hairpin RNAs (shRNA) were designed to target the common /3-chain of the human receptors for 
granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-3 (IL-3), and IL-5 (fi- 
GMR). These receptors regulate proliferation, survival, differentiation, and functional activity of he- 
matopoietic cells. In addition to markedly inhibiting mRNA and protein expression, anti-/3-GMR 
shRNAs were also found to inhibit receptor function in a cell culture model. Furthermore, lentiviral 
gene transfer of shRNA expression cassettes into primary normal CD34+ cells selectively inhibited 
colony formation of transduced progenitors when stimulated with GM-CSF/IL-3 but not when stim- 
ulated with cytokines that do not signal via /i-GMR. Finally, anti-/J-GMR shRNAs had no detectable 
effect on engraftment or lineage composition of lentivirally transduced human CD34 + cells trans- 
planted into NOD/SCID mice. However, the growth defect of transduced colony-forming cells under 
stimulation with GM-CSF/IL-3 remains unchanged in bone marrow cells harvested from individual 
NOD/SCID mice 6 weeks after transplantation. These data indicate that lentiviral gene transfer of 
shRNA expression cassettes may be used to induce long-term RNAi in human hematopoietic stem 
and progenitor cells for functional genetics and potential therapeutic intervention. 



INTRODUCTION 

RNA interference (RNAi) describes a highly con- 
served regulatory mechanism of sequence-specific 
RNA depletion that is initiated by homologous double- 
stranded RNA (dsRNA). RNAi-mediated gene silencing 
can be triggered by variant forms of dsRNA, such as 
small hairpin RNA (shRNA) or small interfering RNA 
(siRNA), and it is now being used as a tool for functional 
genomics in multiple organisms (Fire et al., 1998; Ngo et 
al., 1998; Gonczy et al., 2000; Fraser et al., 2000; Cata- 
lanotto et al., 2000; Wianny and Zernicka-Goetz, 2000; 
Elbashir et al., 2001; Pal-Bhadra et al., 2002; Ashrafi et 



al., 2003; Kamath ct al., 2003; Roignant et al., 2003). In 
mammalian cells, including human, RNAi induces tran- 
sient gene silencing after a single siRNA application, 
whereas stable intracellular transcription of RNAi trig- 
gers can induce long-term inhibition of gene expression 
(Devroe and Silver, 2002; Barton and Medzhitov, 2002; 
Brummelkamp et al., 2002; Abbas-Terki et al., 2002; Xia 
et al., 2002; Rubinson et al., 2003; Kunath et al, 2003; 
Stewart et al., 2003; Scherr et al., 2003a). 

Hematopoiesis is a hierarchically ordered system with a 
pool of self-renewing and pluripotent hematopoietic stem 
cells (HSC) generating committed progenitors that finally 
differentiate into mature blood cells of all hematopoietic 
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lineages. The proliferation and differentiation of hemato- 
poietic cells are partly regulated by hematopoietic cyto- 
kines, such as interleukin-3 (IL-3), erythropoietin (EPO), 
stem cell factor (SCF), thrombopoietin (TPO), granulo- 
cyte-macrophage colony-stimulating factor (GM-CSF), 
and granulocyte CSF (G-CSF) (for review, see Metcalf, 
1989). Hematopoietic cytokines initiate their effects by 
binding to specific cell surface receptors. On ligand bind- 
ing, these receptors become activated and subsequently 
transducer specific intracellular signals involving induc- 
tion of tyrosine kinase activity (for review, see Ihle, 1 995). 

Until now, RNAi in hematopoiesis has been studied 
mostly in lymphatic cell lines or primary T lymphocytes 
in the context of HIV infection (Martinez et al., 2002; 
McManus et al., 2002; Capodici et al., 2002; Coburn and 
Cullen, 2002; Jacque et al., 2002; Banerjea et al., 2003; 
Qin et al., 2003). In contrast, little is known about RNAi 
in CD34 + stem and progenitor cells and their myeloid 
progeny. Our group recently reported first results on spe- 
cific RNAi against the common /3-chain of the receptors 
for GM-CSF, IL-3, and IL-5 (referred to as /3-GMR) in 
primary CD34 + colony-forming cells. The human recep- 
tors for GM-CSF, IL-3, and IL-5 have unique a-chains 
required for ligand binding but share a common /3-chain 
(j3-GMR) essential for intracellular signal transduction. 
Using the /3-GMR model that allows specific analysis of 
receptor function by the selective choice of cytokine stim- 
ulation for in vitro cultures, we demonstrated stable RNAi 
in CD34 + colony-forming progenitor cells on lentiviral 
gene transfer of shRNA expression cassettes (Scherr et al., 
2003a). In contrast to colony-forming cells, which repre- 
sent late hematopoietic progenitors, there are no reports to 
date on stable RNAi in human HSC. For example, it is not 
known to what extent primary human HSC can be geneti- 
cally modified to inhibit endogenous gene expression by 
stable RNAi. Additionally, the impact of expression of 
sh/siRNA on engraftment capability and differentiation 
potential of HSC has not been reported. 

To address these questions, we expressed selected 
anti /3-GMR shRNAs from lentiviral HI expression cas- 
settes, and we demonstrate the inhibition of mRNA and 
protein expression as well as RNAi-mediated inhibition 
of GMR signal transduction in a cell culture model. We 
performed xenotransplantation of primary CD34 + cells 
into nonobese diabetic/severe combined immunodefi- 
cient (NOD/SCID) mice and used NOD/SCID repopu- 
lating cells (SRC) as a surrogate to analyze human HSC 
(Dick et al., 1997). We show specific and nearly identi- 
cal inhibition of /3-GMR function in colony-forming 
cells both before and after transplantation of CD34 + 
cells into NOD/SCID mice without detectable effects of 
multilineage engraftment of SRCs. These data demon- 
strate that stable RNAi can be induced in human HSC 
by lentiviral gene transfer and can mediate long-term 
and functional gene silencing of an endogenous hema- 
topoiesis-specific gene. 



MATERIALS AND METHODS 

shRNA synthesis and construction of 
Hl-shRNA expression cassettes 

Five different DNA oligonucleotides corresponding to 
positions 1466-1484, 1495-1513, 1775-1793, 2095- 
2113, and 2194-2212 of the sequence of the common 
/3-chain of the human receptors for GM-CSF, IL-3, and 
IL-5 were chemically synthesized, including overhang 
sequences from a 5' Bglll and a 3' Sail restriction site 
for cloning purposes (BioSpring, Frankfurt, Germany). 
The numbering of /3-GMR nucleotides refers to 
Hayashida et al. (1990) (GeneBank accession No. 
M59941). The oligonucleotide sequences were as fol- 
lows: FP1466, 5'-GATCCCCCCCCAGCAAGAGCCAC 
C7/G TTCAAGAGA CAGGTGGCTCTTGCTGGGG- 
TTTTTTGGAAG-3 ' ; RP1466, 5 ' -TCG ACTTCC AA A- 
AAACCCCAGCAAGAGCCACCTO TCTCTTGAA- 
CA GG7GGCrC7TGCTGGGGGGG-3'; FP1495, 5'-GA- 
7CCCCCGGGAGCGCAGAGCTTTGG TTCAAG AG A 
CCAAAGCrcrGCGCrCCCGTTTTTTGGAAG-3'; 
RP1495, 5 ' -TCG ACTTCC AAA AAA CGGGA GCGCA G- 
AGCTTTGG TCTC7TGAA CCAAAGCTCTGCGCTCC- 
CGGGG-3 ' ; FP1775, 5 '-GATCCCCCA GGCTTCCAG- 
CTTTGAC T7CAAG AG AA GTCAAAGCTGGAAGCCT 
GTTTTTTGGAAG-3 ' ; RP1775, 5 '-TCG ACTTCC AA- 
AAAAGA GGCTTCCAGCTTTGA G7 TCTCTTG AAA GT 
CAAAGCTGGAAGCCTGGGG-3 ' ; FP2095/3, 5'-GATC- 
CCCGGACAGCCCTGTGGCTATA TTC AAGAGA TA- 
TAGCCA CA GGGCrGTCCTTTTTTGG A AG-3 ' ; 
RP2095/3 , 5 ' -TCG ACTTCC A AAA A AGGA CAGCCCT- 
GTGGCTATA TC.TCTTGAA TATAGCCACAGGGCT- 
GTCCGGG-3 ' ; FP2194, 5'-GATCCCCCrCAGGGGC- 
CrCG7X?GT CTTTC A A G A G A GA CA GA CGAGGCCC 
C7GA GTTTTTTGGAAG-3 ' ; RP2194, 5'-TCGACTTC- 
C A A A A A A CTCA GGGGCC TCGTCTGTC TCTCTT- 
QAA.GACAGACGAGGCCCCTGAGGGG-3,' . The non- 
complementary 9-nt loop sequences are underlined, and 
each sense oligonucleotide harbors a stretch of T as a poly- 
merase III (pol III) transcription termination signal. Corre- 
sponding oligonucleotides were annealed and inserted 3' 
of the Hl-RNA promoter into the Bglll/Sall-digested 
pBS-Hl plasmid to generate, e.g., pBS-Hl-2095/3 (Scherr 
et al., 2003a). The correct sequence and insertion were 
confirmed by DNA sequencing for each plasmid. The con- 
trols pHl-GL4, pHl-121GFP, and pHl-243GFP were de- 
scribed earlier (Scherr et al, 2003a). 

Construction of lentiviral vectors 

pHR'-SIN-SEW (Demaison et al., 2002) was used to 
generate lentiviral transgenic plasmids containing Hl- 
siRNA expression cassettes located in the U3 region of 
the A3'-LTR using an SnaBI-restriction site introduced 
by site-directed mutagenesis (Fig. IB) (Scherr et al., 
2003a). The location of the HI expression cassette in the 
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FIG. 1. siRNAs expressed from lentiviral vectors. (A) Flow cytometry analysis of a//3-GMR surface expression (stippled) and 
EGFP fluorescence (black) in BHK-21 cells cotransfected with a bicistronic expression plasmid encoding a//3-GMR and EGFP and 
individual shRNAs. LNGFR expression was used for normalization. HI, GL4, control shRNAs; 121GFP, 243GFP, anti-GFP 
shRNAs; 1466, 1495, 1775, 2095, 2194, anti-0-GMR shRNAs. (B) Schematic representation of the lentiviral transgeneplasmids en- 
coding shRNAs. The shRNA is transcribed from a human Hl-RNA promoter inserted into the U3 region of the A3'-LTR of the 
lentiviral vector to obtain a double-copy vector. The vector encodes either EGFP or RFP as a marker gene driven by the spleen focus 
forming virus promoter (SSFV-LTR) and harbors a cPPT/CTS sequence. The WPRE element for enhanced transgene expression was 
only inserted into the pdcHl -shRNA-SEW transgene plasmid. 5'-LTR HIV-1 5'-LTR; A3'-LTR, HIV-1 self-inactivating (SIN) 3'- 
LTR, GA deleted gag sequence; RRE, rev-responsiveelement; SD, splice donor site; SA splice acceptor site; packaging signal. 



A3'-LTR results in duplication during reverse transcrip- 
tion, as described earlier (Scherr et al., 2003a). To gener- 
ate double-copy (dc) Hl-siRNA transgenic plasmids, the 
pHl -2095(8 and pHl-GL4 plasmids were digested with 
Smal and Hindi, and the resulting DNA fragments (360 
nt) were blunt-end ligated into the SnaBI site of pHR'- 
SIN-SEW-SnaBI to generate pdcHl-2095/3-SEW and 
pdcHl-GL4-SEW, as well as in thepHR'-SIN-SR-SnaBI 
to generate pdcHl-2095/3-SR and pdcHl-GL4-SR, re- 
spectively (Scherr et al., 2003a). The SEW and SR 
lentiviral constructs encode enhanced green fluorescence 
protein (EGFP) and RFP as reporter genes, respectively. 

Cell culture 

The adherent cell lines BHK-21, 293T, and SC-1 were 
grown at 37°C in Dulbecco's modified Eagle's medium 



(DMEM), 10% fetal bovine serum (FBS), and 2 mM L- 
glutamine (GIBCO, Grand Island, NY). The cloning and 
functional characterization of a/jS-GMR have been de- 
scribed earlier in detail (Eder et al, 1994; Kafert et al., 
1999b). BaF3/a/j3-GMR clones and BaF3/a/j8-GMR- 
IRES-EGFP clones were generated as described, and indi- 
vidual clones were isolated by limiting dilution. The cells 
were grown in RPMI 1640 supplemented with 10% FBS 
and MuIL-3 (supplied as 10% conditioned medium from 
Wehi3B cells) or HuGM-CSF (20 ng/ml or as indicated). 

Proliferation assay 

GM-CSF-dependent proliferation was analyzed by try- 
pan blue exclusion assay. Briefly, 5 X 10 4 BaF3/a//3- 
GMR cells/ml were grown in 96-well plates in a total 
volume of 200 /xl with increasing amounts of HuGM- 
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CSF (0, 0.1, 0.5, 1 , and 5 ng/ml). Cell numbers were ana- 
lyzed after 72 hours by trypan blue exclusion. 

Transfection 

Transfections of BHK-21 cells were performed using 
the cationic lipid Lipofectamine 2000 (Life Technologies, 
Gaithersburg, MD). Cells (1 X 10 5 ) were seeded in a 24- 
well plate and transfected after 8 hours. The cotransfection 
was performed with three different plasmids: 1 fig MSCV- 
a//3GMR-IRES-GFP, 0.1 /xg LNSN plasmid, encoding 
the low-affinity nerve growth factor receptor, and 1 /xg 
shRNA expression vector, formulated into liposomes and 
added to cells as described by the manufacturer. After 48 
hours, EGFP and low-affinity nerve growth factor receptor 
(LNGFR) expression was assessed by FACS and fluores- 
cence microscopy (Axiovert 300, Nikon, Dusseldorf, Ger- 
many). To monitor LNGFR expression, 1 X 10 5 cells were 
incubated with phycoerythrin (PE) antihuman LNGFR an- 
tibody (mouse IgG) (PharMingen, San Diego, CA) for 30 
minutes at 4°C, diluted with IX phosphate-buffered saline 
(PBS), and collected by centrifugation for 10 minutes at 
2000 rpm. To analyze a//3-GMR expression, 1 X 10 5 cells 
were incubated with a monoclonal antibody (mAb) di- 
rected against the extracellular domain of a-GMR (GM- 
CSFa S-20, dilution 1:100) (Santa Cruz Biotechnology, 
Santa Cruz, CA) for 60 minutes at 4°C, followed by incu- 
bation with an allophycocyamin (APC)-labeled goat anti- 
mouse antibody (Dianova, Hamburg, Germany). 

Preparation of recombinant lentiviral 
supernatants and lentiviral transduction 

VSV.G-pseudotyped lentiviral particles were gener- 
ated by calcium phosphate cotransfection of 293T cells, 
and viral supernatants were concentrated as previously 
described (Scherr et al., 2002). dcHl-shRNA-SEW and 
dcHl-shRNA-SR lentiviral preparations were titered in 
triplicate by serial dilutions of the concentrated vector 
stocks on 1 X 10 5 SC-1 cells in 24-well plates. The num- 
ber of EGFP-positive or RFP-positive cells was analyzed 
72 hours posttransductionby FACS analysis (FACS-Cal- 
ibur, Becton Dickinson, Mountain View, CA), typically 
yielding titers of about 1-5 X 10 s IU/ml. 

Lentiviral supernatants were used to transduce BaF3/a/ 
(3 -GMR cells. Lentiviral transduction, including spin ovu- 
lation, was performed as described earlier (Scherr et al., 
2002). Two days after transduction, cells were expanded as 
bulk populations and analyzed by RT-PCR or FACS. 

Real-time RT-PCR 

CytoplasmaticRNA was isolated using the RNeasy min- 
ispin columns (Qiagen, Hilden, Germany) from 1 X 10 6 
BaF3/a//3-GMR cells and digested with 2 U DNase I 
(Roche, Mannheim, Germany) for 1 hour at 37°C, followed 
by phenol chloroform extraction and ethanol precipitation. 
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RNA was reverse transcribed into cDNA in a total volume 
of 20 /xl using MMLV-reverse transcriptase (Invitrogen, 
San Diego, CA) and random hexamer primers under stan- 
dard conditions. Real-time Taqman RT-PCR of a//3-GMR 
and murine GAPDH was performed as described previ- 
ously (Scherr et al., 2003b; Kafert et al., 1999a). 

Northern blot analysis 

Total RNA from transduced BaF3/a//3-GMR-IRES- 
GFP cells was isolated using Trizol according to the 
manufacturer's instruction (Invitrogen). RNA (20 fig) 
was subjected to 16% denaturing polyacrylamide gel 
electrophoresis and transferred onto Hybond-N+ mem- 
brane (Amersham Pharmacia Biotech, Piscataway, NJ) 
by electroblotting. The hybridization and washing steps 
were carried out at 37°C. Membranes were probed with 
either 32 P-labeled 19-nt GFP or a//3-GMR oligonucleo- 
tide corresponding to the sense strand of the respective 
121 and a//3-GMR siRNAs and were subsequently visu- 
alized by autoradiography. Endogenous U6 snRNA 
served both as an internal size standard and as a loading 
control (U6snRNA probe: 5'-TATGGAACGCTTCAC- 
GAATTTGC-3'). 

Isolation and lentiviral transduction of 
peripheral blood-derived CD34 + cells 

G-CSF-primed CD34 + cells were harvested by leuka- 
pheresis from four healthy volunteers, purified to ^98% 
CD34 + content by magnetic cell sorting (Clini MACS, 
Miltenyi Biotech, Bergisch Gladbach, Germany), and cry- 
opreserved in liquid nitrogen. Lentiviral transduction of 
CD34 + cells was performed twice as described previously 
(Scherr et al, 2002). Methylcellulose colony assays with 
SCF (20 ng/ml) + G-CSF (10 ng/ml) + TPO (10 U/ml) or 
GM-CSF(20 ng/ml) + IL-3 (10 ng/ml) were performed as 
described (Schiedlmeier et al, 2000). The cytokines were 
all from R&D Systems (Abingdon, U.K.). 

Transplantation of CD34 + cells into 
NOD/SCID mice 

NOD/SCID mice were kept and transplanted with 
transduced and mock-transduced human CD34 + cells 
(2 X 10 6 cells in 300 xtl IMDM per mouse) and irradiated 
fibroblasts producing human IL-3 (Maingen, Frankfurt, 
Germany). Mice were killed 6 weeks after transplanta- 
tion, and engraftment and multilineage RFP expression 
were analyzed by FACS (Schiedlmeier et al., 2000). 



RESULTS 

Selection of anti-(3-GMR shRNAs 

Several anti-/3-GMR shRNAs were synthesized target- 
ing 19 nt of the /3-GMR sequence starting at /3-GMR po- 
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sition 1466, 1495, 1775, 2095, and 2194, respectively, 
and were subsequently cloned into Hl-shRNA expres- 
sion cassettes. To quantify shRNA-triggcrcd gene silenc- 
ing, BHK-21 cells were cotransfected with (1) a bi- 
cistronic expression plasmid encoding a chimeric 
a/j3-GMR identical to /3-GMR 3' of nucleotide 1424 
(Eder et al., 1994) and EGFP (Fig. 1 A), (2) an expression 
plasmid with the LNGFR cDNA used for normalization, 
and (3) individual shRNAs, including two anti-EGFP 
shRNAs as reported earlier (Scherr et al., 2003a). The 
chimeric a//3-GMR can be activated by human GM-CSF 
and mediates proliferation and survival in transfected 
cells, thus allowing study of GMR function on expres- 
sion of a single transgene, as opposed to the wild-type a- 



GMR + /3-GMR (Ederet al., 1994; Kafert et al., 1999b). 
As shown in Figure 1A, expression of both EGFP fluo- 
rescence and a//5-GMR was measured by FACS analysis 
24 hours after cotransfection with each shRNA construct 
and normalized for LNGFR expression. The effects of in- 
dividual shRNAs on both EGFP fluorescence and a/(3- 
GMR surface expression were very similar in all cases. 
However, only one of five anti-/3-GMR shRNAs (2095) 
inhibited target gene expression to an extent similar to 
both anti-EGFP shRNAs (up to 80%). In contrast, the re- 
maining four /3-GMR shRNAs induced only low or mar- 
ginal inhibition of EGFP fluorescence and a//3-GMR 
surface expression. 
The HI -2095 shRNA cassette was subsequently in- 



1 2 3 4 5 6 7 





dcH1-sh121GFP-SR 





dcH1-sh2095ft-SR 



GFP 



a/IS-GMR-APC 



FIG. 2. Lentivirus-mediated gene silencing in BaF3-a//3-GMR-IRES-GFP cells. (A) Northern blot analysis depicts cellular 
siRNA expression after transduction of BaF3-a//3-GMR-IRES-GFP cells with dcHl-2095/3-SR (lanes 2 and 5), dcHl-121GFP-SR 
(lanes 1 and 4), and dcHl-GL4-SR (lanes 3 and 6). Lane 7, a 21-nt long chemically synthesized 121 GFP siRNA duplex. The blot 
on the left (lanes 1-3) was probed with 32 P-labeled 19-nt /3-GMR oligonucleotide corresponding to the sense strand of the 2095/3 
siRNA, and the blots in the middle and on the right (lanes 4-7) were hybridized with 32 P-labeled 19-nt GFP oligonucleotidecorre- 
sponding to the 121 GFP siRNA. A shorter exposure to visualize U6 snRNA as loading control is shown in the upper panel. (B) 
Surface expression of a//3-GMR (right) and EGFP fluorescence (left) was measured at day 6 after a single transduction with either 
dcHl-121GFP-SR (top) or with dcHl-2095jS-SR (bottom). The filled curves show untransduced BaF3-a//3-GMR-IRES-GFP 
cells as control. 
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serted into two lentiviral transgene plasmids to generate 
pdcHl-2095-SR and pdcHl-2095-SEW, respectively 
(Fig. IB). Both constructs are optimized for lentiviral 
transduction by the cPPT/CTS sequence and harbor the 
Hl-shRNA cassette located in the A3'-LTR, leading to 
their duplication during reverse transcription (dc con- 
structs). pdcHl -2095-SR and pdcHl-2095-SEW differ in 



the reporter gene encoded (RFP and EGFP), and pdcHl- 
2095-SEW but not pdcHl -2095-SR contains a WPRE 
(W) element to enhance EGFP expression. Lentiviral su- 
pernatants were generated, and expression of siRNAs af- 
ter lentiviral gene transfer was demonstrated by Northern 
blotting of RNA isolated from BaF3 cells expressing 
a//3-GMR and EGFP from the bicistronic transcript 




FIG. 3. Lentivirus-mediatedgene silencing in BaI ; 3-«//3-GMR cells (A) a/j3-GMR mRNA levels were measured by real-time 
RT-PCR 6 days after repeated lentiviral transduction (IT, single transduction; 2T, double transduction) and were normalized in 
comparison to GAPDH expression. a/fi-GMR expression after transduction with control shRNA dcHl-GL4 was set to 100%. 
dcHl-GL4-SEW and dcHl-GL4-SR encode control shRNA, and dcHl-2095/3-SEW and dcHl-2095j3-SR encode anti-/3-GMR 
shRNAs. (B) Surface expression of a/0-GMR was measured at day 6 after the second transduction with either dcH 1 -shRNA-SR 
(left) or dcHl-shRNA-SEW (right) viruses. BaF3-a/0-GMR cells transduced with dcHl-GL4-SR (left, panel, right curve) or 
dcHl-GL4-SEW (right panel, right curve) served as controls. (C) Inhibition of GM-CSF-mediated cell proliferation in a dose-de- 
pendent manner (ranging from 0 to 5 ng/ml HuGM-CSF) by transduction with dcHl -2095-SR but not with control dcHl-GL4-SR 
or dcHl-121GFP-SR. Cell numbers of cultures stimulated with MuIL-3 were set 100%. 
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schematically shown in Figure 1 A. As shown in Figure 
2A, anti-j8-GMR (lane 2) and anti-121GFP (lane 4) 
siRNAs can be generated from pro viral dcHl-2095-SR 
and dcHl-121GFP-SR, respectively. In addition, equiva- 
lent inhibition of a//3-GMR surface expression and 
EGFP fluorescence mediated by either anti /6-GMR or 
anti-121GFP siRNAs was observed in transduced 
BaF3a//3-GMR-IRES-EGFP cells (Fig. 2B). 

Function of anti-/3-GMR sh/siRNAs 
in a reporter cell line 

To evaluate the efficiency of siRNA 2095/3, BaF3 cells 
expressing a//3-GMR (BaF3/a//3-GMR) were transduced 
with either dcHl-2095-SR or dcHl-2095-SEW lentiviral 
supernatants. Q//3-GMR mRNA levels were measured 
using real-time RT-PCR after one or two rounds of 
lentiviral transduction. As shown in Figure 3A, both 
lentiviral preparations inhibited target mRNA expression 
by about 80% compared with control shRNA. In addi- 
tion, this decrease in target mRNA levels was not signifi- 
cantly enhanced by a second lentiviral transduction. 
FACS analysis of a//3-GMR protein expression on the 
cell surface revealed a marked and slightly higher reduc- 
tion on transduction with dcHl-2095-SR compared with 
dcHl-2095-SEW (Fig. 3B). Interestingly, >95% of 
BaF3/a//3-GMR cells exhibited green and red fluores- 
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cence, respectively, indicating a 95% or higher transduc- 
tion rate (data not shown). Based on these results, all fur- 
ther experiments were performed with dcHl-2095-SR 
lentiviral preparations. 

To analyze RNAi-mediated functional defects in alj3- 
GMR signaling, BaF3/a//3-GMR cells were cultured in 
medium containing different concentrations of HuGM- 
CSF. BaF3 cells are murine pro-B cells that require 
MuIL-3 for survival and proliferation. However, expres- 
sion of a//3-GMR enables culture in either MuIL-3 or 
HuGM-CSF (Eder et al., 1994). As shown in Figure 3C, 
transduction with dcHl-2095-SR, but not with control 
dcHl-GL4-SR or dcHl-121GFP-SR, inhibited GM- 
CSF-mediated cell proliferation in a dose-dependent 
manner. As BaF3/a//3-GMR cells express a/0-GMR 
from a monocistronic transcript that does not contain 
EGFP, anti-GFP siRNA had no effect on a//3-GMR gene 
expression in these cells. 

Function of anti-fl-GMR sh/siRNAs in primary 
CD34 + SRC and progenitor cells 

To analyze RNAi in HSC and their progeny, lentivi- 
rally transduced CD34 + cells were transplanted into 
NOD/SCID mice. The multilineage engraftment of 
lentivirally transduced human CD34 + cells harvested 6 



Table 1 . Lymphohematopoietic Reconstitution of NOD/SCID Mice" 





Mouse 1 


Mouse 2 


Mouse 3 


Mouse 4 


Mouse 5 




dcHl-GU-SR 


dcHl-GLA-SR 


dcH J -2095/3 -SR 


dcHl-2095/3-SR 


dcHl-2095f3-SR 


HuCD45 + 


87 


58 


75 


94 


60 


RFP + /HuCD45 + 


8 


8 


10 


8 


7 


CD34 + /HuCD45 + 


3 


3 


3 


4 


3 


RFP + /CD34 + 


NE b 


NE 


NE 


NE 


NE 


CD33 + /HuCD45 + 


65 


70 


70 


69 


66 


RFP + /CD33 + 


7 


9 


13 


7 


11 


CD38 + /HuCD45 + 


61 


55 


58 


63 


62 


RFP + /CD38 + 


1 1 


13 


14 


9 


10 


CD19 + /HuCD45 + 


32 


28 


28 


27 


33 


RFP + /CD19 + 


6 


6 


5 


3 


3 


CD14 + /HuCD45 + 


6 


9 


8 


5 


9 


RFP + /CD14 + 


NE 


NE 


NE 


NE 


NE 



a The ratio of human cells (HuCD45 + ), lymphohematopoietic subpopulations (CD34 + , CD33 + , CD38 + , CD19 + , 
and CD 14), and the level of RFP expression are given in percent. RFP + /CD45 + represents the percentage of RFP + 
cells within the human CD45 + cell fraction. 

b NE, not evaluable; subpopulations with < 10% engraftment were considered not suitable for accurate analysis of 
lentiviral transduction. 
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GM-CSFR IL-3R G-CSFR TPOR SCFR 

(c-kit) 




FIG. 4. Hematopoietic cytokine receptors. Illustrated here are the human GM-CSF and IL-3 receptors with the common /3-chain 
at left and the receptors for G-CSF, TPO, and SCF at right. The shaded box in SCFR (c-kit) indicates its cytoplasmic tyrosine ki- 
nase domain. 



weeks after transplantation is shown in Table 1 . Analysis 
of human cells in murine bone marrow revealed no dif- 
ference between mice engrafted with dcHl-2095-SR or 
dcHl-GL4-SR transduced CD34+ cells with 58%-94% 
of all nucleated bone marrow cells of human origin. In 
addition, the ratio of transduced, RFP+ cells in the 
myeloid and B lymphoid compartment was as high as 
10% in human CD45 + cells and was similar in control 
and anti-/3-GMR siRNA mice. 

To study functional gene silencing, clonogenic assays of 
hematopoietic progenitor cells were performed before and 
after transplantation of CD34 + cells into NOD/SCID mice. 
This in vitro culture allows functional analysis of specific 
cytokine receptors depending on the cytokines used for 
stimulation. As schematically shown in Figure 4, stimula- 
tion with GM-CSF and IL-3 requires functional /3-GMR, 
whereas signal transduction initiated by G-CSF, SCF, and 
TPO is independent of /3-GMR. Accordingly, normal 
CD34 + cells transduced with control dcHl-GL4-SR 
lentivirus generate RFP + and RFP~ colonies at a nearly 
identical ratio under stimulation with either GM-CSF/IL-3 
or G-CSF/SCF/TPO, with transduction rates between 5% 
and 18% in the G-CSF/SCF/TPO condition, which is not 
affected by RNAi against /3-GMR (Table 2A). In contrast, 
the ratio of RFP + colonies derived from CD34 + cells 
transduced with dcHl-2095-SR decreased by an average 
of about 60% when cultured in the presence of GM-CSF 
and IL-3, compared with G-CSF/SCF/TPO. The transduc- 
tion rates after infection with dcHl-2095-SR were higher 
than those observed with dcHl-GL4-SR and ranged be- 
tween 1 1 % and 52% for individual donors (determined un- 
der stimulation with G-CSF/SCF/TPO). 



Identical clonogenic cultures were performed with cells 
harvested from bone marrow of individual NOD/SCID 
mice engrafted with either dcHl-2095-SR or dcHl-GL4- 
SR-transduced CD34 + cells. Again, the ratio of RFP + 
colonies was similar for both cytokine conditions in the 
dcH 1 -GL4-SR control mice (Table 2B). In contrast, the ra- 
tio of RFP-transduced colonies decreased by an average of 
62% under stimulation with GM-CSF/IL-3 compared with 
G-CSF/SCF/TPO in the three mice engrafted with dcHl- 
2095-SR-transducedCD34 + cells. 



DISCUSSION 

We analyzed GM-CSF receptor function to study 
RNAi in primary human CD34 + hematopoietic stem and 
progenitor cells. We selected anti-/3-GMR shRNAs 
based on their capacity to reduce target mRNA levels in a 
transient cotransfection assay. This approach uses bi- 
cistronic transcripts and allows rapid and quantitative de- 
tection of RNAi by FACS analysis of EGFP fluores- 
cence. In our experiments, RNAi induced an equivalent 
reduction of both mRNAs of the bicistronic transcript in- 
dependent of the 5' or 3' location of the respective target 
gene for RNAi. Only one of five anti-/3-GMR shRNA, 
but both pretested anti-GFP shRNAs (Scherr et al., 
2003a) induced effective gene silencing in this assay. 

Lenti viral gene transfer was used to stably introduce 
Hl-shRNA expression cassettes into the target cell ge- 
nome. Constitutive transcription of shRNAs can induce 
long-term gene silencing, as demonstrated in earlier stud- 
ies (Scherr et al., 2003a). The anti-/3-GMR shRNA was 
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Table 2A. 


Colony Formation of CD34 + Hematopoietic Progenitor Cells 3 




CD34 + 


Number RFP + colonies/total colony number(%) 




sample 


GM-CSF/IL-3 


G-CSF/SCF/TPO 


dcHl-GL4-SR 


A 


1 1 


10 


dcHl-2095)3-SR 




3 


1 1 


dcHl-GL4-SR 


B.l 


16 


18 


dcHl~2095/3-SR 




32 


52 


dcHl-GL4-SR 


B.2 


15 


17 


dcHl-2095/3-SR 




6 


32 


dcHl-GL4-SR 


C 


4 


5 


dcHl-2095/3-SR 




7 


24 


dcHl-GL4-SR 


D 


19 


18 


dcHl-2095/3-SR 




19 


32 


a CD34 + samples enumerated in alphabetical order. Sample B 


was transduced with different lentiviral vector prepa- 


rations. 








Table 2B. Colony Formation of SRC-Derived Hematopoietic Progenitor Cells 






Number RFP + 


colonies/Total colony number 


Transplanted mice 


Sample 


GM-CSF/IL-3 


G-CSF/SCF/TPO 


Mouse 1 


dcHl-GL4-SR 


10 


8 


Mouse 2 


dcHl-GL4-SR 


7 


9 


Mouse 3 


dcHl-2095/3-SR 


9 


15 


Mouse 4 


dcHl-20950-SR 


4 


14 


Mouse 5 


dcHl-2095/3-SR 


3 


11 



tested in a murine cell line that expresses a chimeric sin- 
gle chain a//3-GMR, which encodes the entire intracellu- 
lar domain of /3-GMR. A significant RNAi-mediated re- 
duction in target mRNA and surface protein expression 
was found in BaF3/a//3-GMR cells. In addition, RNAi 
inhibited a//3-GMR function depending on the GM-CSF 
dose. Interestingly, these results correspond very well to 
the inhibition of a//3-GMR function observed on coex- 
pression of a dominant negative splice variant of /3-GMR 
in BaF3/a//3-GMR cells (Wagner et al., 2001), indicating 
that higher doses of ligand can compensate for lower 
numbers of functional receptor molecules in this specific 
model. 

We next examined the engraftment and differentiation 
capacity of human primary CD34 + cells after lentiviral 
transduction with anti-/3-GMR shRNA expression cas- 
settes in the NOD/SCID mouse model. This model is 
considered a standard tool to analyse SRC as a surrogate 
for human HSC (Dick et al., 1997). Our data indicate that 
lentivirus-mediated RNAi targeting the endogenous (3- 
GMR gene did not significantly affect engraftment and 
lineage composition of hematopoietic cells compared 



with controls. This is not due to loss of RNAi or 
transient gene silencing, as the phenotype of /3-GMR 
inhibition remains almost identically conserved in 
colony-forming cells before and after transplantation, 
demonstrating long-term functional gene silencing (Ta- 
bles 2A and 2B). These data may indicate that /3-GMR 
function is not required for engraftment of SRC, as 
suggested by the fact that many groups omit in vivo 
treatment with HuIL-3 without negative effects on 
SRC engraftment. Alternatively, transduced cells that 
express sufficient /3-GMR in spite of RNAi may be se- 
lected under the treatment conditions used in this 
study. A higher number of NOD/SCID mice have to be 
analyzed using different treatment modalities to defini- 
tively characterize potential functions of /3-GMR in the 
NOD/SCID xenotransplantation model. Furthermore, 
we demonstrate that RFP can be used as a reporter gene 
for lentiviral transduction in the NOD/SCID model. 
Future studies are necessary to compare the effects of 
different reporter genes, such as RFP or EGFP, on SRC 
or hematopoietic progenitor cells. 
In summary, our data demonstrate for the first time that 
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lentiviral transfer of suitable shRNA expression cassettes 
can induce long-term RNAi in primary SRC without de- 
tectable effects on engraftment capability and lineage 
composition of SRC-derived hematopoietic cells. This ap- 
proach will allow functional genomics in primary human 
HSC and their myeloid progeny as demonstrated here for 
/3-GMR. Finally, stable RNAi may eventually be applied 
as a therapeutic strategy in hematologic diseases character- 
ized by aberrant gene expression either due to mutations as 
in cancer or derived from foreign infectious organisms. 
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RNA interference (RNAi) is a powerful tool to silence gene ex- 
pression post-transcriptionally 1 . However, its potential to treat 
or prevent disease remains unproven. Fas-mediated apoptosis 
is implicated in a broad spectrum of liver diseases, where in- 
hibiting hepatocyte death is life-saving 2 . We investigated the in 
vivo silencing effect of small interfering RNA (siRNA) duplexes 
targeting the gene Fas (also known as Tnfrsf6), encoding the 
Fas receptor, to protect mice from liver failure and fibrosis in 
two models of autoimmune hepatitis. Intravenous injection of 
Fas siRNA specifically reduced Fas mRNA levels and expression 
of Fas protein in mouse hepatocytes, and the effects persisted 
without diminution for 10 days. Hepatocytes isolated from 
mice treated with Fas siRNA were resistant to apoptosis when 
exposed to Fas-specific antibody or co-cultured with con- 
canavalin A (ConA)-stimulated hepatic mononuclear cells. 
Treatment with Fas siRNA 2 days before ConA challenge abro- 
gated hepatocyte necrosis and inflammatory infiltration and 
markedly reduced serum concentrations of transaminases. 
Administering Fas siRNA beginning one week after initiating 
weekly ConA injections protected mice from liver fibrosis. In a 
more fulminant hepatitis induced by injecting agonistic Fas- 
specific antibody, 82% of mice treated with siRNA that effec- 
tively silenced Fas survived for 10 days of observation, whereas 
all control mice died within 3 days. Silencing Fas expression 
with RNAi holds therapeutic promise to prevent liver injury by 
protecting hepatocytes from cytotoxicity. 

RNAi by synthetic siRNAs 21-23 nucleotides in length silences 
cellular and viral gene expression in mammalian cells in vitro". 
siRNA duplexes pulse-injected into the tail vein of mice inhibit 
expression of a co-transfected firefly luciferase gene 5 ' 6 . Viral-medi- 
ated delivery of siRNA in vivo reduces exogenous green fluores- 
cent protein (GFP) and endogenous glucuronidase expression 7 . In 
these studies, RNA silencing was prominent in the liver, indicat- 
ing that the liver is an ideal organ to test the therapeutic potential 
of siRNA. Hepatocytes are very susceptible to Fas-mediated apop- 
tosis because they highly express Fas 8 . As a consequence, Fas-me- 
diated apoptosis is important in hepatic injury from diverse 
insults, including viruses, autoimmunity and transplant rejec- 
tion 2 ''. Fas-deficient Ipr mice survive challenge with factors that 
induce fulminant hepatitis in normal mice 10 " and show reduced 
fibrosis after chronic hepatic insults 12 . Therefore, we investigated 
whether intravenous siRNA injection targeting Fas could inhibit 
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Fas expression on mouse hepatocytes in vivo and protect the liver 
from fulminant hepatitis and fibrosis. 

First, we verified delivery of synthetic siRNA duplexes into 
mouse hepatocytes in vivo by hydrodynamic tail vein injection 
of CyS-labeled Fas(sequence 1) siRNA (SO |ig, 2.0-2.5 mg/kg)' :! 
(for details of Fas target sequences, see Methods). Twenty-four 
hours after the last of three injections, 88 + 6% of hepatocytes 
had taken up the siRNA and were CyS-positive as determined by 
flow cytometry (Fig. la). The efficient delivery confirms that 
siRNA duplexes can be taken up by most liver cells in v/vo 5 ' 6 . 
Transduction efficiency was higher than the 40% efficiency ob- 
served with a single injection of reporter plasmid DNA 13 . 
Measuring uptake of CyS-Fas siRNA is only a surrogate for mea- 
suring Fas siRNA uptake in vivo, however, because siRNA labeled 
with Cy5 at the 3' end does not induce silencing (data not 
shown). Fas mRNA and protein expression in hepatocytes was 
measured by RNase protection assay (RPA) and immunoblotting, 
respectively, at various times after injection. Treatment with 
Fas(sequence 1) siRNA reduced Fas mRNA expression eight to 
tenfold as compared to saline or GFP siRNA injection (ratios of 
Fas signal to Gapdh signal (internal control): 0.0024 ± 0.0004 
versus 0.022 + 0.002 saline or 0.022 ± 0.002 GFP (sequence 1) 
siRNA, n = 3 per group, P < 0.001 compared with either control), 
as measured 24 h after the last injection (Fig. lb). Immunoblot 
analysis showed that FV«(sequence 1) siRNA reduced Fas protein 
in hepatocytes nearly to background (Fig. lc). The effect was spe- 
cific, as injection of control siRNA targeting GFP did not change 
Fas expression, and ^'(sequence 1) siRNA treatment did not af- 
fect the expression of other Fa5-related genes, such as those en- 
coding FasL, FADD, FAF, TRAIL and TNF receptor p55 and RIP 
(Fig. lb). Specificity was also demonstrated by RPAs of hepato- 
cytes from mice injected with siRNAs targeting other regions of 
Fas. Two additional siRNAs, sequences 5 and 6, silenced Fas ex- 
pression by -81-86%, as efficiently as sequence 1. In contrast, se- 
quence 2, beginning only one nucleotide downstream of 
sequence 6, reduced Fas expression by only 38% (Fig. 3e). Two 
sequences (3 and 4) did not suppress Fas expression at all. 

siRNA seemingly suppresses expression more efficiently than 
does the intraperitoneal injection of antisense oligodeoxynu- 
cleotide (ODN) described in a previous report 14 , where mice were 
treated with a higher dosage (6 mg/kg) of anti-Fas ODN for 12 
consecutive days. Approximately 14-fold less total nucleic acid 
was administered here (50 ug for 3 injections to mice weighing 
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Fig. 1 Injection of siRNA duplex efficiently silences Fas 
gene expression in mouse hepatocytes. a, Hepatocytes har- 
vested 24 h after 3 injections of saline or Cy-5-labeled 
fe(sequence 1) siRNAwere stained with albumin-FITC (alb- 
FITC) and analyzed by flow cytometry. A high proportion of 
hepatocytes take up the duplex siRNA, as indicated, fa, RPA 
for Fas mRNA expression in hepatocytes from mice that 
were untreated (lane 1 ) or were injected 24 h earlier with 
saline (lane 2), GFP(sequence 1) siRNA (lane 3) or /^(se- 
quence 1 ) siRNA (lane 4). Silencing of Fas expression in mice 
treated with Fas siRNA is maintained 5 (lane 5) or 1 0 d (lane 
6) later. Expression of other genes involved in the Fas path- 
way and housekeeping genes (L32 and Capd) were unaf- 
fected (names of the corresponding proteins are listed at 
right). Similar results were obtained in 3 independent exper- 
iments. The graph shows results of densitometric quantifica- 
tion of the Fas/Capdh ratios in 3 mice per condition. Fas 
mRNA levels in hepatocytes are significantly lower (*, P < 
0.001 ) at all times in mice treated with Fas siRNA mice than 
in control mice, c, Fas immunoblot of lysates from hepato- 
cytes obtained from untreated mice (lane 1 ), or 24 h after 
saline (lane 2), GFP siRNA (lane 3) or Fas siRNA (lane 4) in- 
jection, and 5 (lane 5) or 1 0 d (lane 6) after Fas siRNA injec- 
tion. Mouse recombinant Fas and FasL proteins serve as 
positive (P) and negative (N) controls, respectively. Similar 
results were obtained in 3 independent experiments. 



#1 



-24 g) to reduce Fas expression to a similar degree. In a recent 
study, siRNA was quantitatively more efficient than antisense 
ODN at suppressing co-transfected GFP expression both in vitro 
and in vivo 1 *. However, a direct comparison using varying doses 
is needed to determine relative efficiency. 

A major concern in applying siRNA therapeutically is the sta- 
bility of silencing under physiological conditions. 
Double-stranded siRNAs resist biodegradation in fetal ^ 
calf serum and in human plasma 15 , and in one study 
siRNA-directed suppression of a co-transfected gene in 
vivo in mouse liver was maintained for several days 6 . In , 
our study, levels of both Fas mRNA and Fas protein w , 
were stably reduced for 10 days after the last injection , 
(Fas/Gapdh mRNA ratios: day 1, 0.0024 ± 0.0004; day 5, g 
0.0035 ± 0.0006; day 10, 0.0029 ± 0.0004, P > 0.05) (Fig. O 
lb and c). Fas mRNA levels and Fas protein expression 
were still only 40% of those in control mice on day 14, 
but returned to normal 20 days after the last injection 
(data not shown). The duration of silencing in hepato- 
cytes, which contrasts with more transient silencing in 
transformed cell lines 3 , indicates that sustained thera- 
peutic silencing in hepatocytes may not require siRNA 
expression from plasmids or viral vectors. The differ- 
ence between liver cells and cell lines probably occurs 
because hepatocytes are mostly non-dividing, so there 
is no siRNA dilution with cell division. However, al- 
though unlikely 16 , the possibility that sustained sup- 
pression in hepatocytes might be due to siRNA 
amplification, which occurs in lower species 1718 , has 
not been ruled out. Because silencing after duplex 
siRNA injection is prolonged but not permanent, long- 
term toxicity, such as lymphoproliferative or autoim- 
mune disease, seen in humans with mutations of the 
homolog FAS (TNFRSF6) and in the Ipr mouse" is prob- 
ably of little concern. 

Two known mechanisms underlie Fas-mediated ful- 
minant hepatitis. Ligation of the Fas receptor on hepa- 

348 



tocytes induces massive apoptosis, accompanied by an infiltra- 
tion of inflammatory cells and secondary necrosis 20 . Fas engage- 
ment also provokes hepatic inflammation by inducing 
expression of hepatic chemokines that recruit and activate im- 
mune cells, leading to hepatocyte death in a pro-inflammatory 
milieu 21 . To determine whether the efficient suppression of Fas 

douse lg antibody Agonistic antibody against Fas (500 ng/ml) 



FITC-TUNEL- 

Fig. 2 In vivo treatment with Fas 
siRNA protects mouse hepatocytes 
from Fas-mediated apoptosis and cy- 
totoxic lysis by ConA-activated he- 
patic mononuclear cells, a, Flow 
cytometric analysis of FITC-TUNEL 
staining of primary hepatocytes from 
untreated mice, mice injected with 
saline and mice injected with fos(se- 
quence 1) siRNA, exposed in vitro to 
500 nM of agonistic Fas-specific 
monoclonal antibody. Hepatocytes 
from untreated mice not exposed to 
|o2 monoclonal antibody served as 

negative control. Percentage of FITC-TUNEL-positive cells and mean flue 
tensity (MFI) are indicated, fa, Hepatic mononuclear cells from ConA-injected mice lyse 
hepatocytes from mice treated with saline (■) but not mice injected with fos(se- 
quence 1 ) siRNA (♦). E/T ratio, effector/target ratio. Similar results were obtained in 3 
independent experiments. *, P< 0.001 at each ratio. 
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Fig. 3 Fas gene silencing protects 
mice from fulminant hepatitis and 
hepatic fibrosis, a, Representative 
liver histology of ConA-induced he- 
patitis in mice injected with saline, 
GFP(sequence 1) siRNA and Fos(se- 
quence 1) siRNA (n = 5 per group). 
Livers were stained with H&E 20 h 
after ConA injection. Original magni- 
fication x200. b, Serum ALT and AST 
in mice injected with saline, GFP 
siRNA and Fas siRNA (n = 5 per 
group) measured 20 h after ConA in- 
jection, c, Representative liver histol- 
ogy 1 week after 6 weekly injections of ConA in mock-treated mice and 
mice injected with GFP(sequence 1 ) siRNA and Fos(sequence 1 ) siRNA (n 
= 3 per group). Original magnification x1 00. Livers of mice treated with 
Fas siRNA mice did not develop bridging fibrosis, d, At 1 week after the 
last ConA injection in the chronic hepatitis model, hepatic hydroxypro- 
line and serum procollagen type III (PIIINP), indicators of ongoing fibro- 
sis, were normal in mice injected with Fas siRNA (n = 3 per group) but 
elevated in mock-treated mice and those treated with GFP siRNA . #, P < 
0.05; 3>, P< 0.01, as compared with control groups, e, Survival advan- 
tage of mice injected with Fas siRNA as compared to saline or GFP siRNA 
after challenge by intraperitoneal injection with Fas-specific antibody 



Days after Jo2 injection 



and observation for 1 0 d before s 
tive data from 2 independent e) 
Fas expression in hepatocytes of 

1, 5, and 6 and partial silencing with Fas sequence 2. GFP' 
1); GFP2, GFP(sequence 2). The Fas/Gapdh signal 



ifice. RPA analysis at left (representa- 
!riments) shows specific silencing of 
ce treated with Fas siRNA sequences 
CFP(se- 



normalized to that of mock-treated mice. Sequences that silenced Fas by 
>80% protected against fulminant hepatitis, whereas sequences that did 
not silence or silenced inefficiently provided no protection. *, P < 0.0001 . 
m, GFP (dT) (n = 1 0); A, GFP (CU) (n = 1 5); T, saline (n = 1 5); O, ^(se- 
quence 1 ) (n = 20); •, Fos(sequence 2) (n = 1 0); □, Fos(sequence 4) (n = 
1 0); Fos(sequence 5) (n = 1 0); 7, Fos(sequence 6) (n = 1 0). 



expression in the liver after duplex siRNA injection protects he- 
patocytes from Fas-mediated apoptosis, hepatocytes from mice 
treated with Fas(sequence 1) siRNA and mock-injected mice 
were challenged in vitro with an agonistic Fas-specific antibody 
(Jo2) or activated hepatic mononuclear cells harvested from 
ConA-treated mice. In vitro exposure of hepatocytes from un- 
treated or mock-treated mice to Jo2 (500 ng/ml) for 24 h resulted 
in 87.8 + 6.8% (n = 5) apoptotic cells as measured by fluorescein 
isothiocyanate-terminal deoxynucleotide transferase-mediated 
dUTP nick end labeling (FITC-TUNEL) staining (Fig. 2a). In con- 
trast, only 7.9 + 1.5% In = 5) of cultured hepatocytes from mice 
treated with Frequence 1) siRNA were stained by TUNEL (P < 
0.0001). Moreover, protection from in vitro Fas-induced apopto- 
sis after tail vein injection of other Fas siRNAs correlated with 
Fas suppression: Fas siRNA that did not silence had no effect on 
apoptosis, whereas partial silencing provided partial protection 
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(data not shown). A recent study shows that FasL-expressing nat- 
ural killer T cells are the hepatic mononuclear cells that induce 
hepatic cell injury in ConA-induced hepatitis 22,23 . We therefore 
tested, using an alanine aminotransferase (ALT) release assay, 
whether hepatocytes from mice treated with Fas(sequence 1) 
siRNA were resistant to cytolysis by hepatic mononuclear cells 
isolated from ConA-treated mice (Fig. 2b). Hepatocytes from 
mice treated with Fas siRNA were not lysed by hepatic mononu- 
clear cells, whereas hepatocytes from mock-treated or untreated 
controls were. Thus, Fas silencing effectively inhibits hepatocyte 
apoptosis in vitro. 

We next examined whether Fas siRNA treatment protects mice 
from fulminant hepatitis in two models of Fas-mediated liver 
damage. Mice treated with Fas(sequence 1) siRNA, GFP(sequence 
1) siRNA or saline were challenged 1 day later by intravenous in- 
jection of ConA. Serum transaminase concentrations and liver 
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pathology were analyzed 20 h after ConA challenge. All control 
saline-treated mice and mice treated with GFP siRNA had exten- 
sive liver damage, showing confluent hepatocyte necrosis with 
bridging and inflammatory cell infiltrates surrounding the por- 
tal and central veins (Fig. 3a). Most surviving hepatocytes had 
cytoplasmic swelling, and there was frequent nuclear chromatin 
condensation, indicative of apoptosis. In contrast, pretreatment 
with Fas siRNA prevented liver cell necrosis and abrogated in- 
flammatory infiltration, although mild hepatocyte swelling oc- 
curred. In ConA-induced hepatitis, release of the transaminases 
ALT and aspartate aminotransferase (AST) from damaged hepa- 
tocytes peaks in the serum 20 h after injection and is a good in- 
dicator of the extent of liver damage 24 . In agreement with the 
morphological findings, Fas siRNA treatment almost completely 
prevented the elevation of serum ALT (142 ± 58 IU/1 versus 2150 
+ 312 IU/1 in saline-treated controls; n = 5, P < 0.001; normal, 30 
IU/1) and AST (270 ± 90 IU/1 versus 4120 ± 876 IU/1 in saline- 
treated controls; n = S,P< 0.001; normal, 50 IU/1) (Fig. 3b). 

Fas-mediated hepatocyte apoptosis also contributes to the de- 
velopment of liver fibrosis in chronic hepatitis 12 ' 25 . To evaluate 
further the therapeutic potential of Fas siRNA to treat chronic 
liver injury, and to determine whether siRNA administered after 
the noxious insult can protect in a more clinically relevant sce- 
nario, we delayed siRNA treatment until 24 h after the second of 
six weekly injections with a reduced dose of ConA. The siRNA 
injection was repeated once two weeks later. Mice were killed at 
seven weeks, one week after the last ConA injection. All mock- 
treated mice and mice treated with GFP siRNA developed bridg- 
ing fibrosis in the liver parenchyma, whereas no hepatic fibrosis 
or necrosis was seen in mice treated with Fas(sequence 1) siRNA 
(Fig. 3c). Fas siRNA treatment also significantly reduced two 
chemical indicators of active fibrosis, hepatic hydroxyproline 26 
(0.56 ±0.17 mmol/g liver tissue in mice treated with Fas siRNA 
versus 2.13 + 0.95 mmol/g in mock-treated controls; n = 3, P < 
0.05; normal, 0.5 mmol/g) and serum procollagen type III 
(PIIINP) 27 (5.6 + 1.5 ng/1 in mice treated with Fas siRNA versus 
39.2 ± 2.1 ng/1 in saline-treated controls; n = 3, P < 0.01; normal 
5 ng/1) (Fig. 3d). In addition, there was no evidence of toxicity, 
including Iymphoproliferation, splenomegaly or other organ 
damage, from prolonged silencing of Fas, even with repeated in- 
jection (data not shown). These results indicate that treatment 
with Fas siRNA might provide protection even after the initia- 
tion of chronic liver injury. 

To evaluate further whether Fas siRNA promotes survival in ful- 
minant hepatitis, we challenged mice in a more aggressive hepati- 
tis model 10 by intraperitoneal injection of a Fas-specific antibody. 
All control mice (« = 40) died within 3 days, mostly within 24 h 
after antibody injection. Mice treated with Fas siRNAs(sequences 2 
or 4), which silenced expression by only 38% or not at all, also 
were not protected. However, mice pretreated with Fas siRNAs 
that silenced expression by 81-86% (sequences 1, 5 or 6) were pro- 
tected from lethal challenge: 33 of 40 mice survived for the 10 
days of observation (log-rank test, P < 0.0001) (Fig. 3e). Fatalities in 
the Fas siRNA-treated group were from hemorrhage secondary to 
liver failure. Liver damage in lethal fulminant hepatitis culminates 
within the first few weeks, but the survivors recover thereafter 28 . In 
fact, livers and other organs from the surviving mice appeared 
normal when the animals were killed at the end of the observation 
period (data not shown). Hence, Fas silencing during the acute in- 
sult prevents death from fulminant hepatitis. 

Based on the crucial role that Fas-mediated apoptosis plays in a 
broad spectrum of immune-related liver diseases, siRNA-directed 



Fas silencing may be of therapeutic value for preventing and treat- 
ing acute and chronic liver injury induced by viral and autoim- 
mune hepatitis 2 ', alcoholic liver disease, acute and chronic liver 
failure-'"'-"' and rejection of liver transplants 2 . In fact, preliminary 
studies in a mouse transplant model indicate that prophylactic ad- 
ministration of siRNA might prevent rejection (J.W., N.O., J.M. 
and J.C., unpublished data). Protection from other hepatotoxic 
agents needs to be investigated. Extension of these results to pre- 
vent or treat other diseases, however, may require other strategies, 
such as viral vectors, to target other cell types and tissues. In addi- 
tion, it is not clear whether hydrodynamic injection can be 
adapted to primates, as the volume injected into mice is a substan- 
tial fraction of the circulating blood volume. However, regional 
delivery of high concentrations of siRNA via hepatic artery or por- 
tal vein cannulation remains a viable alternative. 

Methods 

Preparation of siRNAs. siRNAs were synthesized using 2'-0-ACE-RNA 
phosphoramidites (Dharmacon Research, Lafayette, Colorado). The sense 
and anti-sense strands of siRNAs were: Fos(sequence 1 ), beginning at nt 
364, 5'- P.GUGCAAGUCCAAACCACACdTdT-3' (sense), 5'- P.GUCUGGU 
UUGCACUUGCACdTdT-3' (antisense); fos(sequence 2), beginning at nt 
874, S'-P.AGCCGAAUGUCGCAGAACCdTdT-3' (sense); 5'-P.GGUUCUGC- 
GACAUU CGGCUdTdT-3' (antisense); fos(sequence 3), beginning at nt 
137, 5'-P.GGAUUAUAUCAAGGAGGCCdTdT-3' (sense); 5'-P.GGCCUCCUU 
GAUAUAAUCCdTdT-3' (antisense); fas(sequence 4), beginning at nt 501, 
S'-P.AUCGCCUAUGGUUGUUGACdTdT-3' (sense); 5'-PGUCAACAACCAUA 
GGCGAUdTdT-3' (antisense); fos(sequence S), beginning at nt 667, S'-P.A 
UACAUCCCGAGAAUUGCUdTdT-3' (sense); 5'-P.AGCAAUUCUCG GGAU 
GUAUdTdT-3' (antisense); ^(sequence 6), beginning at nt 873, 5'-P.AAG 
CCGAAUGUCGCAGAACdTdT-3' (sense); 5'-P.GUUCUGCGACAUUCCGC 
UUdTdT (antisense). CFP(sequence 1), 5'- P.GGCUACGUCCAGGAGCG- 
CACC-3' (sense), 5'- P.UGCGCUCCUGGACGUAGCCUU-3' (antisense); 
GfP(sequence 2), 5'-P.GGCUACGUCCAGGAGCGCAdTdT-3' (sense), S'-P.U 
GCGCUCCUGGACGUAGCCdTdT-3' (antisense); P represents 5' phosphate. 

RNAs were deprotected and annealed according to the manufacturer's 
instruction. Cy5-labeled Fas siRNA with the fluorophore coupled to the 3' 
end of the sense strand was produced by Dharmacon Research. 



siRNA treatment. Male BALB/c mice, 8-10 weeks of age and weighing 
20-25 g, were purchased from the Jackson Laboratory (Bar Harbor, Maine). 
Synthetic siRNAs were delivered in vivo using a modified 'hydrodynamic 
transfection method'", by which 50 ug siRNA dissolved in 1 ml PBS was 
rapidly injected into the tail vein. The injection was repeated 8 and 24 h 
later. Control mice were injected with an equal volume of normal saline or 
GFP siRNA. 

Isolation of hepatocytes. Hepatocytes were isolated by a modified hepatic 
portal perfusion technique 2 '. The purity of hepatocytes, determined by flow 
cytometric analysis of intracellular albumin staining using fluorescein-con- 
jugated goat antibody against mouse albumin (Bethyl Laboratories, 
Montgomery, Texas), was >90% (data not shown). For some experiments, 
cells were briefly cultured after plating at 2 x 1 0 6 cells per 60 mm collagen- 
coated culture dish in William's Medium E (Gibco-BRL, Grand Island, New 
York) supplemented with 10% fetal bovine serum, 15 mmol/l HEPES (pH 
7.4), 1 (imol/l insulin, 2 mmol/l l-glutamine, 100 units/ml penicillin, and 
1 00 |ig/ml streptomycin. 

RPA. Total RNA was extracted from hepatocytes using Trizol reagent 
(Molecular Research Center, Cincinnati, Ohio), and an RPA was carried out 
using 1 5 ug of total RNA and the In-vitro Transcription Kit and mouse mAPO- 
3 multi-probe template set (BD Pharmingen, San Diego, California) accord- 
ing to the manufacturer's instructions. Intensities of the protected bands 
were quantified by phosphorimaging (Fuji-BAS 1500, Fuji, Tokyo, Japan) 
based on the ratios of the mRNAs of interest to Gapdh (internal control). 

Immunoblot. Protein extracts of mouse hepatocytes were resolved over 1 2% 
SDS-polyacrylamide gels, transferred onto nitrocellulose membranes, probed 
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with rabbit polyclonal antibodies against mouse Fas and then with peroxi- 
dase-conjugated goat antibodies against rabbit as the secondary antibody 
(Oncogene Research Product, Boston, Massachusetts), and then visualized by 
chemiluminescence (Amersham Life Science, Arlington Heights, Illinois). 

Apoptosis assay. Primary hepatocytes from untreated mice or mice treated 
with Fas siRNA or saline were seeded in 12-well plates at a density of 1 x 
107ml. The next day )o2 monoclonal antibody (500 ng/ml; BD 
Pharmingen) was added; 24 h later, liver cell apoptosis was evaluated by 
FITC-labeled TUNEL assay (Boehringer Mannheim, Mannheim, Germany), 
analyzed by flow cytometry on a FACScan flow cytometer with LYSIS II soft- 
ware (Nippon Becton Dickinson, Tokyo, Japan). 

ALT release assay. Target liver cells, plated in 12-well plates at 1 x 10 4 
cells/well, were co-cultivated overnight with mononuclear cells isolated 
from livers of mice treated with ConA (1 5 mg per kg body weight) at differ- 
ent effector-to-target ratios. Release of ALT from hepatocytes was measured 
in the supernatants using an ALT assay kit (Boehringer Mannheim). 
Cytotoxicity was expressed as the percentage of ALT in the supernatants, 
compared to total ALT in detergent-lysed cells. 

Induction of acute hepatitis. Mice were injected intravenously through the 
tail vein with ConA (15 mg/kg; Sigma, St. Louis, Missouri) reconstituted in 
pyrogen-free saline 23 . After 20 h, serum ALT and AST were measured using a 
standard clinical automatic analyzer (Hitachi, type 7150, Tokyo, Japan), and 
paraffin-embedded liver sections were stained with H&tE. Other mice were in- 
jected intraperitoneal^ with 8 fig of Jo2 monoclonal antibody and followed 
for 1 0 d, then killed and their livers subjected to histological examination. 

Induction of liver fibrosis. A reduced dose of ConA (8 mg/kg) dissolved in 
pyrogen-free saline was injected in the tail vein weekly for 6 consecutive 
weeks 50 . Mice were treated with three injections of siRNA as above begin- 
ning 24 h after the second and fourth Con A injections and sacrificed 
1 week after the final injection of ConA. Liver fibrosis was evaluated by H&E 
staining and measurement of hepatic hydroxyproline 26 and serum procolla- 
gen type III using a sequential saturation radioimmunoassay (Calbiochem, 
La Jolla, California), as described". 
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Synthetic small interfering RNAs (siRNAs) have been shown to induce the degradation of specific mRNA 
targets in human cells by inducing RNA interference (RNAi). Here, we demonstrate that siRNA duplexes 
targeted against the essential Tat and Rev regulatory proteins encoded by human immunodeficiency virus type 
! i HIV- 1 1 can specifically block fat and Rev expression and function. More importantly, we show that these 
same siRNAs can effectively inhibit HfV-1 gene expression and replication in cell cultures, including those of 
human T-cell lines and primary lymphocytes. These observations demonstrate that RNAi can effectively block 
virus replication in human cells and raise the possibility that RNAi could provide an important innate 
protective response, particularly against viruses that express double-stranded RNAs as part of their replication 
cycle. 



The phenomenon now generally termed RNA interference 
(RNAi) is an evolutionarily conserved process whereby the 
expression or introduction of double-stranded RNA (dsRNA) 
sequences results in the specific post transcriptional inacliva- 
tion of acnes which arc complementary to the dsRNA se- 
quence used (reviewed in reference 37). In several organisms, 
including plants, nematodes, and fruit flies, RNAi can be used 
to inactivate a specific host gene subsequent to microinjection 
or transfer! ion of the appropriate dsRNA (16. 21, 39). How- 
ever, in mammalian cells. dsRNAs consisting of more than 30 
nucleotides (nl) induce not only RNAi but also a set of re- 
sponses, including activation of the interferon response, that 
collectively result in a global, nonspecific inhibition of host cell 
mRNA expression (32. 36). 

Efforts to resolve the mechanisms underlying RNAi in the 
plant and drosophila systems revealed that longer dsRNAs 
were processed by a host RNase, termed dicer, into — -21-nt 
dsRNAs. called small interfering RNAs (siRNAs). that contain 
2-nt .3' overhangs (14, 19-21, 25, 26, 28, 43). These siRNAs are 
key mediators of RNAi and are thought to serve as guide 
RNAs for a huge protein complex, termed the RNA-incluced 
silencing complex, that is essential for target mRNA degrada- 
tion (22). Importantly, it soon became apparent that direct 
introduction of synthetic siRNAs could also induce RNAi not 
only in drosophila cells but also in human cells (8, 14, 15). 
Subsequently, transfeclion of synthetic siRNAs has been used 
to selectiv ely block the expression of a small but rapidly grow- 
ing list of human genes and to determine the phenotypic con- 
sequences of this inhibition (1, 11, 18, 23, 25, 33). 

t' s \i is i ti tave evi o 1 , 1 , mccl 

nism directed at transposable elements and infecting viruses 
(12, 27, 34, 38). We therefore wondered if RNAi might provide 
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an effective defense i i in \iius Hete 

we describe siRNAs targeted against the essential human im- 
munodeficiency virus type I (HIV-1) regulatory proteins Tat 
and Rev (13) and show that these siRNAs can effectively and 
specifically block Tat or Rev expression and function in trans- 
fected 293T cells. More importantly, we show that these same 
siRNAs can prevent the productive infection of both immor- 
talized and primary human T cells by HIV-1 in culture. These 
data provide evidence in I'avorofthe hypothesis that RNAi can 
he used to selectively block viral gene expression, and hence 
replication, in human cells. 



MATERIALS AM) MKTUODS 
Plasmid constructs. The mammalian expression plasmids pcTui. pcRcv. 
pBC12/CMV, pBC12/CMV.B-Gat. pcRex, and phial lb, 3i) and the indicator 
11 pP ! 1 [>\t It tl Kt [ I I 1 

I I II 1 111 til 

H1V-I iviral clones i. At) i pXt. In [J id - ml i ss n 
CD4 (pCMV5/CD 4) and OCRs (pCVIV/CX KS) have also been described (41 I. 

The plasmid plIIV/T'ai, expressing the Tat protein undei the control of (he 
HIV-1 long term, it a p i [ 1 1 < „ an at. HI h u . il i 

R\ \ iiiliiltaim I nl c.ni nn t oliik K\ \d j| (svith nl I I ,. 
S1S5 ni in,: rcsnonve II I i 1 m cedinu sc unoiccs v. el s II 1 

\ 1 i n I (( \ ) 




300 mV .aid %i) n F wiiii a Bio-Rad acne pntser. 1 lie elect I . .p. m ale:: celts were 
n n tin I ' I XII 1 i tit tl nil, i a 

by enzyme-linked immunosorbent assay (Id .ISA) lor p2-l (tap protein piodtic- 
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( ill maintenance and preparation of s 

Rl'Vl < ■* i In Hi 1,1 mi | i ill 
I ' 1 I a 11 i u( M ( 



s - CUGCUUGUA ICTAK UUGCUAdTdT ■• 
v dTdTGACGAACAUEGElUAACGAU 5 



\ /c 



i I >1 I p( 1 Ml nul I \ III 

relevant figure legends. Afict 4S h. CD 4 CCR5 
50 hi. of p24 anligell nl [he M.-ADA or NL-htc-.a 



h 50 Hi 



Ji I I 1 t el 

d. Cells (10") were ihen inleciei 



dish x 



:v by 



with 50 ng of p24 ot die C< R5 tropic vims Nl -ADA. and progenv vims pro- 
duction was measured 48 h later. 

\ 1 1 nl gene expression was measured in I veils with a lueilvrase reporter 
vim.- (10). Alter 48 h. the cells acre washed with PliS and restispended in .aid ,d 
ol cell lysis luillci (Piomcgn) and tlcitcr.isc ncuvm wsis delei inilled a picas aisly 
described (41). 

RNA, DNA, and Western analyses. All nucleic acid blotting and llvbridizalH.il 
teehiiH|tivs were perloimed vssenliallv as desenhed previously (35). Total RNA 
was isolated from inicclcet ?M .VP cells with a OIAliUN RNcasv miuikit m accor 
dance with die manufacturers' instuietions. RNA l la Mf .) was separated on a t'» 

l h I i I i 

ataiinker (Sasitagenc and I II V- 1 RN As were detected with a "I' labeled ran- 
iy PGR amplificaiic 



ic IIIV-1 



es90 " ■ 



s-CGGAUCCUUA gTCAT CUUAUCdTdT-v 
v.dTdTGCCUAGGAAUECDGAAUAG -s- 
Rev siRNA 



ot-Tap 



(A) Schemutic reprcsental.oti of pari „f the iiIV-1 ge- 
; -d tin M n I c <l | kd I hi t 1 l(J )OX 

V. while (lie : >r. open icaeune irttinv is shewn as a white: box 
del. The structure and Unpad coordinates of the siRNAs 
■ /a; and a \ tlepieted. Boxed residues wave tuntaled hv 
n for use as control duplexes, in some experiments. 
( B) siRNAs directed against mi and arc specifically inhibit Tat and Rev 
protein expression. 1 luman 2 ( >3T cells were eotrausfectcd with 50 ng of 
both die pcTal and pcRev expression plasmid in the absence of RNA 
oligonucleotides (N'l or in the presence of (1.1 pM amisense oligonu- 
eleotides (AS) or ().! iiM si RNA duplexes (Si). Cell lysates "were 
| i lit h | tl nl 1 1 I mi mm ressioi is ix cc 

West i mil si will nihil id m! I it in tiliR ids decs 
em blots were also probed with antibodies directed ttgamsl tfie endog- 
enous TAP/NXb-l protein, which fieie seised as an internal control 
for both loading and specificity. 



RESULTS 

In the context of the HIV-1 genome, the viral Tat and Rev 
proteins are encoded by two partially overlapping exons sepa- 
rated by an intron consi ling 1 cl\ nl envelope coding se- 
quences (Fig. 1A). Previously. Elbashir et al. (14) demon- 
strated that synthetic 2 1 -m siRNA duplexes, bearing 2-ni 3' 
overhangs, can function as clleciive inhibitors of mRNA ex- 
pression in transfeeted human cells. In addition, these re- 
searchers suggested thai the .fie -tn overhang should ideally con- 
sist of uridine or. in the interest of stability, deoxythymidine. 
Based on these observations, we therefore searched the non- 
overlapping parts of the Tat and Rev coding sequences for 



appropriate siRNA targets. The location of the sequences in 
the IIIV-1 Tat and Rev open reading frame that were chosen 
as targets and the structure of the synthetic siRNAs that were 
used in this analysis are shown in Fig. 1A. 

Specific inhibition of HIV-1 Tat and Rev expression and 
function by RNAi. To test whether siRNAs that were targeted 
to these short Tat and Rev sequence elements would specifi- 
cally block Tat or Rev protein expression, we eotrausfectcd 
293T cells with the Tat expression construct pcTat and the Rev 
expression plasmid pcRev (31). These cl)NA expression plas- 
mids contain exclusively the coding sequence of Tat or Rev 
(Fig. 1A), and therefore each should be subject to inhibition by 
only one of the siRNAs. Cells were also cotranslected with one 
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of ihc double-stranded siRNAs or, as controls, with only the 
relevant antisenxe RNA strand or with nothing. 

As shown in Fig. IB, Western analysis revealed that the 
Tat-specific siRNA blocked Tat protein expression but did not 
significantly afl'cci expression of an irrelevant cellular protein 
termed Tap. Similarly, the Rev-specific si RNA also selectively 
blocked expression of the Rev protein. In neither case did the 
antisense RNA oligonucleotide alone exert any effect. In some 
experiments, we did notice a slight (s::20%) effect of the Rev- 
specific siRNA on Tat protein expression or of the Tat-specific 
siRNA on Rev expression. This may reflect a weak nonspecific 
inhibitory effect or. more trivially. may suggest that the double- 
stranded' siRNA, unlike the single-stranded antisense RNA, 
slightly reduced iranslccuon efficiency in this experiment. Nev- 
ertheless, it is clear that these siRNAs can indeed selectively 
block expression of the HIV-1 Tat or Rev protein in trans- 
fected 293T cells. 

We next wished to determine whether these siRNAs would 
also block Tat or Rev function. The HIV-1 Tat protein serves 
as a specific transcriptional transact ivalor of gene expression 
directed by the HIV- 1 LTR promoter after binding to a spe- 
cific target site termed TAR (reviewed in reference 13). As 
shown in Fig. 2A, we confirmed that the HIV-1 Tat protein 
expressed under the control of either the cytomegalovirus 
(CA1V) immediate early promoter or the HIV-1 LTR itself" can 
strongly activate chloramphenicol acetyltransicrase (CA T) ac- 
tivity directed by the HIV-1 LTR promoter in transfected 293T 
cells. As shown in Fig. 2A, this activation was potently inhib- 
ited by colrnnsfection of the specific siRNA but not by cotrans- 
feetion of either the sense or antisense RNA strand alone. I his 
inhibition is specific, since activation by the bovine immuno- 
deficiency virus (B1V) Tat protein (bTal) of an HIV-1 LTR 



promoter that cont 
HIV-1 TAR eleme 
while the bTal pr< 



s the BIV TAR element in place of the 
2Cted (Fig. 2A). Importantly, 



the 



HIV I 



equet 



cated ii 



. I A is 



.t(5). 



As shown in Fig, 2B. we demonstrated that the siRNA tar- 
geted to the HIV-1 Rev protein can also specifically block 
HIV-1 Rev function in transfected 2 C )3T cells. This experiment 
utilizes an indicator construct termed pDM128/RRE that con- 
tains an rn RNA in which the cat gene and the HIV-1 Rev 
response element (RRE) arc sequestered within an nitron (4, 
24). This RNA is normally unable to exit the cell nucleus but 
is exported and expressed in the presence of the HIV-1 Rev 
nuclear RNA export factor. As shown in Fig. 2B, this induction 
is blocked by the Rev-specific siRNA but not by either the 
sense or antisense RNA strand alone. This inhibition is spe- 
cific, since the Rev siRNA did not inhibit expression of the 
unspliccd cat mRNA encoded by the similar indicator plasmid 
pDM 128/RxRE, which contains the human T-cell leukemia 
virus (HTL.V) Rex response element in place of the RRE, in 
the presence of the 
HTL.V Rex protein (4). 

Inhibition of HIV-1 gene expression and replication by 
RNAi. Although the human cell line 293T is not normally 
infective by HIV-1. 293T cells can support HIV-1 infection 
and replication if they are programmed to express the CD4 
receptor and the CCR5 coreccptor for HIV-1 (41). We have 
previously described the pNL-ADA and pNL-luc-ADA HIV-1 



n TAR 

TAR+CMV/TAT 
TAR+HIV/TAT 
bTAR 

bTAR+CMV/bTAT 



1* 
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IG. 2. (A) siRNAs directed attains! 
not BIV Tat function. Human 2<>3 T o 
>f pTAR/CAT or pbTAR/CAT, 50 n t 
pl« "IA-'( \-1 V/( : ',-( iaf. and 0.1 ns: ol 1 1 



■.villi (he 



s fi, ,|RN ,1 1 . ■ i 111 In ill i I iiilnl it I f I \ I 

/ but not UTI..V Rex function. cells were translected with 25 
fie pi f II it It i let p! in ll 

1 f \l ( ,al I i t i ii i i id' 

xniaefeotiees or siRNA duplexes were coiransfected with the re- 
ter and expression plasmids as described in Materials and Methods, 
is were harvested 45 h after transaction, and induced CAT and 
alactosidase activities were determined. The data shown represent 
rages for three experiments with the standard deviations indicated 



proviral expression plasmids. The NL-ADA virus is a fully 
replication-competent HIV-1 that was derived from the NL4-3 
HIV-1 isolate by substitution of the NL4-3 env gene with an 
env gene derived from the CCR5-tropie HIV-1 isolate ADA 
(41, 42). NL-luc-ADA is similar to NL-ADA except that the 
IIIV-I nef gene has been replaced by iiie hie indicator gene 
(10). Therefore, infection of cells by NL-luc-ADA can be 
readily monitored by measurement of the level of lucifcrase 



expression. 

We initially determined the effect of she siRNAs on the level 
fvii , i 1 c .'Is ii i isfectecl with 

plasmids encoding CD4 and CCR.A as well as with RNA oli- 
gonucleotides, with the NL-luc-ADA indicator virus. As shown 
in Fig. 3A, both the Tat siRNA and the Rev siRNA, and 
particularly the combination of both, were able to effectively 
inhibit expression of the vitally encoded lac indicator gene in 
these HlV-1-infected cells. In contrast, the antisense RNA 
oligonucleotides alone had no specific effect. 
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p24 (pg/mL) 

I Ki. X Inhibition ol HIV- 1 replication in human cells by RNAi. 
293T cells were translectcd with (4)4 ami CCR.a expression plasmids 
and siRNA duplevcs (si) or amiscn-o RN.-V (as) io.I t M each). After 
48 h. (1)4 CCRc" cells v,ure needed overnight with N) ng oi P 24 
antigen of the lucifcrase reporter virus Nl.-lne-ADA or the wild-type 
virus Nt.-Al )A. Viral eer.c expression was dele- nnned bv luciferase 
activity after 4S hot .nfection ( A ). v. Iiile viral replication was measured 
bv p44 (las; anliueu t>roduelion 6(1 ii positranslcction (H ), 2934 cells 
lacking CD4 and ('( '1(5 scored as die negative control (NEC), while 
( T) t ' CCRA ' 2944' cells infected in the absence of siRNAs served as 
I he positive conl i ol ( POS). A low level of carryovei of the virus stock 
used to infect the cells explains the background level of p24 (lag seen 
in panel B (vertical dashed line). 



We next examined whether the siRNAs would be able to 
inhibit the release of progeny HIV-1 virion particles from 
infected 293T cells. As shown in Fig. 3B, the two siRNAs 
acting either alone or in combination were indeed able to 
effectively inhibit the production of progeny HIV-1 virions. 
Again, the antiseiise RNA oligonucleotides had little or no 
effect. We therefore conclude that these siRNAs are able to 
effectively inhibit HIV-1 gene expression and replication in 
infected CD4 ' CCR5 ' 293T cells. 

RNAi is predicted to induce the selective degradation of 
mRNAs containing the appropriate target sequence (37). and 
we therefore wished to confirm that the siRNAs were indeed 
reducing the steady-state expression of HIV-1 mRNAs in the 
infected 293T cells. Although the siRNAs used were targeted 
to the tat and rev genes of HIV-1, which are encoded by the 
small, multiply spliced class of HIV-1 mRNAs, it is predicted 
that the siRNAs would also reduce the expression of the un- 
spliced and single spliced class of mRNAs contained in HIV-1. 
This could be achieved either directly, given that many of these 
mRNAs retain ten and rev sequences within their 3'' untrans- 
lated region, or indirectly, by blocking their production by 
interfering with Tat and/or Rev synthesis. As shown in Fig. 4, 








- — 



FIG. 4. Analysis of HIV-1 RNA expression in human cells reveals 
that tut and rev siRNAs can reduce the expression ol all three classes 
of HIV mRNA. Human 294 1 cells were cotransfected with si RNA 
duplexes (si) or with autisense RNAs ( as) (0.1 p,M each) and the CD4 
and (4CR5 expiession plasmids as indicated at the top ol the lanes. 
CD4 ' CCR5 ' cells were then infected overnight with 50 ng of p24 
antigen. After IK h o! infection, total RNA was extracted from tnfecteo 
293T cells and subjected to Northern analysts. The approximate sizes 
of the three classes of HIV-1 transcripts are indicated on the right. I<SS 
rRNA. stained with ci Iridium bromide, is shown al the bottom of the 
figure as a loading control. 



■ imlccd observed a s 



CCR5 



larked r. 
three classes of HIV- 1 
cells that had been t 



i the 



iRNAsi 



reds thai 



he infected CD4 + 
ith both siRNAs 
transfectcd with 
only one RNA strand or cells that were mock transfected. 

While the result shown in Fig. 4 is consistent with the hy- 
pothesis that the siRNAs are blocking HIV-1 gene expression 
and replication by inducing the degradation of viral mRNA 
species, it is also possible thai the siRNAs could act to block 
infection directly by inducing the degradation of the RNA 
genome present in the infecting HIV-1 virion prior to reverse 
transcription. To examine this possibility, we quantified the 
level of HIV-1 proviral DNA production in HIV-1 -infected 
CD4 ' CCR5 * 293T cells by Southern dot blot analysis (Fig. 5). 
The endogenous (3-globin gene was used as a loading control. 

As shown in Fig. 5, we were indeed able to readilv detect 
HIV-1 proviral DNA in HIV-l-infected CD4 ' CCR5 + 293T 
ells lacking CD4 and CCR5 that were 
ne infectious virus dose. The level of 
vas reduced but not totally elimi- 
CCR5" culture treated with the 'reverse 
transcriptase inhibitor azidodeoxythymidine (AZT) (2), thus 
arguing that the bulk of the observed signal does represent 
newly .synthesized viral DNA. Interestingly, treatment of in- 
fected cells with the siRNAs also modestly reduced the level of 



cells but not it 
incubated with the s 
proviral DNA productk 
nated in a CD4 ' 
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i # * * «-|J-Globin 

FIG. 5. siRNA-. directed against /<« ami r.v can initiate the degra- 
dation of HIV-1 genomic RNA prior to reverse transcription. Human 
293T cells were transfected with siRNA duplexes (si) or with .-inliseiise 
RNAs (as). CD 4 ( TR5 cells were infected overnight with 50 ng of 
p24 antigen. After tH h, tonal UNA was extracted from infected 293T 
cells, denatured in 0.2 M NuOH. spotted onto a nylon membrane, and 
probed with a ''T-Iabeleu HI V-I -specific probe as described in Mate- 
rial 1 Mcth i i i i l ,11 i i 
D.N A were probed with a 32 P-labeled fi-globin probe. 293T cells 

h 0.1 |xM A7 i _i 

also shown ( + AZT). DNA isolated from mock-infected 293T cells 
served as the negative control (NI X, ), while CD4 : CCR5 293T cells 
infected in the absence of si RNAs served as the positive control (POS). 



HIV-1 proviral DNA detected. While this result suggests lhat 
siRNAs can indeed inhibit HIV-1 infection to sonic decree, 
presumably by inducing the degradation of the viral RNA 
genome prior to completion of reverse transcription, the effect 
illustrated in Fig. 5 does not appear sulliciettt to explain the 
dramatic drop in viral gene expression induced bv diese sik- 
NAs in HlV-l-inlected'cD4' CCR5 293T cells '(Fig. 3A). 

Inhibition of HIV-1 replication in T cells by RNAi. All of the 
experiments reported thus far, including the HIV-1 infection 
experiments, have used human 293T cells as an experimental 
system. 293T cells are fully competent to support HIV-1 infec- 
tion when engineered to express the appropriate receptors, 
and they are readily transfected with synthetic siRNAs. How- 
ever, these cells may mil be representative of the tissues, in- 
cluding CD4 ' T cells, that are infected by HIV-1 in vivo. 

To examine whether RNAi could also inhibit HIV-1 repli- 
cation in human T cells, we first determined the effect of the 
siRNAs characterized above on HIV-1 replication in flic Jut - 
kat human CD4 * T-cell line. As shown in Fig. 6A, we indeed 
observed a significant inhibition in progeny virus release from 
F1IV-1- infected Jurkat T cells that had been transfected with 
the wild-type Tat and Rev siRNAs relative to T cells that were 
transfected with either RNA strand alone or with control 
siRNAs bearing a 3-nt missense mutation (Fig. 1A). Impor- 
tantly, introduction of such central mismatches has been pre- 
viously reported to block RNAi (15). Next, we asked whether 
RNAi would inhibit HIV-1 replication in human peripheral 
blood lymphocytes. In fact, relative to mutant forms of the 
same siRNA duplexes, the wild-type Tat and Rev siRNAs 
produced a dramatic drop in the release of progeny virions 
from HIV-1-infectcd peripheral blood lymphocytes (Fig. 6B). 
Therefore, we conclude that RNAi is functional in cells of 
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FIG. 6. siRNA inhibition of I (IV- 1 replication in T cells. (A) Jurkat 
T cells were transfected with a 12 p.Vl concentration of each of the 
indicated siRNA duplex or single-stranded RNA oligonucleotides. 
Mock-transfeeted Jurkat T cells served as the positive control (POS). 
while the two 3-nt mismatch siRNAs shown in Fig. 1 A served as the 
control (siRNA-M). After 24 h. transfected cells were infected over- 
night with VS\ ("i s X. Viral production was de 
ii iii < i [ action at 48 h ifu i infci 
turn. The (lata shown represent averages tor three experiments with 
the standard deviations indicated by error bars. (B) Human PBMCs 
were transfected with the wild-type or mutant tonus of the 'fat and 
Rev siRNAs by elect migration and weie into e led with the R5- tropic 
NL-ADA strain 24 h later. Progeny virus production was measured 
48 h after infection bv p24 ELISA. 



lymphoid origin and that RNAi can be used to effectively 
inhibit HIV-1 replication in human T cells in culture. 

DISCUSSION 

The clearance of viral infectio i ' i < 

i ■ |u 1 1 , i - i respon uti 

as neutralizing antibodies and cytotoxic T lymphocytes. How- 
ever, target-nonspecific or innate defenses can also play tin 
important protective role, particularly in the early stages of the 
infection prior to the clonal expansion of lymphocytes that are- 
able to mount targct-speciiie responses. The most important 
and best understood innate response to many viral infections is 
that mounted by the interferon system (reviewed in reference 
36). This complex system is designed to block the spread of 
viruses within the infected host by blocking the production of 
progeny virions. Importantly, activation of the interferon re- 
sponse can also profoundly inhibit the synthesis of host cell 
proteins and may even result in the death of the infected cell. 

One potent activator of the interferon system is dsRNA 
molecules that are larger than ~30 nt (32). Mammalian cells 
therefore diflci ro 1 < >' i ma) speci i 

nematodes anil fruit Hies, which respond to introduced dsRNA 
molecules pt in, nil I incl ing R\ \i ( 1(>. 21 ) Indeed, for a 
long time it remained unclear whether mammalian cells could 
even mount an RNAi response, given the profound physiolog- 
ical changes that are induced upon activation of the interferon 
response by longer dsRNAs (7). 

The demonstration that synthetic siRNAs of —21 nt can 
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induce the specific inhibition of target inRNA expression in 
human cells without inducing the mlcifcroii response (8. 14) 
has raised the issm. of whether RNAi might also play an im- 
portant role in antiviral ricfen-t m mammalian, and particu- 
larly human, cells, as indeed, hre been previously demonstrated 
in plant cells (12. M). In tnis report, we have taken a first step 
towards addressing this issue by demonstrating that RNAi in- 
ch i i k i * n 1 'R s \ i nd 
lively protect human cells, including primary T cells, from the 
pathogenic retrovirus H1V-1 (Fig. 3 through 6). RNAi was able 
to potently and specifically inhibit HIV-1 gene expression and 
replication by inhibiting viral infection ( big. 5 j and by reducing 
viral mRNA expression (Fig. 4). These data therefore indicate 
that RNAi litis the potential to protect human cells against 
viral infection, and to prevent virus spread, independently of 
the normally merlying Interferon response. 

Clearly, this observation raises a number of important ques- 
tions, including the following, (i) Is RNAi normally activated 
by viruses that produce dsRNAs as pari of their replication 
cycle? Such viruses include all RNA viruses as well as some 
DNA viruses, such as adenovirus. If so. then one would predict 
that -virus-specific siRNAs might be produced in infected cells, 
(ii) Does induction of RNAi exert an inhibitory effect on virus 
replication and spread? This question could be addressed in 
cell culture by using synthetic siRNAs to block proteins, such 
as dicer, that are known to be essential for de novo si RNA 
production (21. 25). (hi) 1 lave viruses evolved mechanisms to 
specifically inhibit RNAi, in addition to the mechanisms that 

the interferon response on their replication (36)? Ample pre- 
cedent for such viral defense mechanisms exists in the case of 
plants (reviewed in reference 24). (iv) Could RNAi be used to 
protect humans or animals against viral infection? The recent 
demonstration that biologically active siRNAs can be tran- 
scribed from DNA templates (6. 44) suggests that it might be 
possible to protect human or animal cells against specific virus 

- i i I • s i \li peci 

for conserved viral sequence elements, as indeed has been 
previously reported for plants (30). In the case of economically 
important animal species, it might eventually prove feasible to 
construct transgenic animals Unit constitutive!} express 
SiRNAs that are targeted against important viral pathogens, a 
potentially powerful variation on the previously proposed con- 
cept of "intracellular immunization" (3). In effect, this could 
render the animal entirely nonpermissivc for the targeted vi- 
rus. Clearly, the potential role of RNAi in antiviral defense is 
an issue that merits considerable future attention. 
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VI t Ei j «h twal gt 'f re demonstrated that RN A inter! imo i red by ti isl'cclinn ol s I intei 
fering RNA (siHNA) duplexes, can protect cells against a viral challenge in cnltnre. this protection is transient. 
Here, we describe lentivirus expression vectors that can stably express siRNAs at levels sufficient to block virus 
replication. We ha\e used these vectors to stably express .siRNAs specific for the essential human immuno- 
deficiency virus type 1 (HIV-i) Tat transcription factor or specific for a cellular coreceptor, CCR5. that is 
required for inhclioit by the majority of primary II1V-1 isolates. These lentb bus vectors are shown to protect 
cells, including primary macrophages, against HIV-I infection in culture by inducing selective degradation of 
their target mRNA species, i hose data suggest that it should be possible to block the expression of specific viral 
or cellular genes in vivo by using viral vectors to stably express the appropriate siRNAs. 



RNA interference (RNAi) was first described in nematodes 
as a specific mechanism of posttranscriplinnal gene silencing 
induced by introduction of long double-stranded RNA 
(dsRNA) molecules homologous to the target mRNA (<>)• 
During RNAi, these long dsRNA molecules are cleaved into 
- 2 1 -bp dsRNAs. termed small interfering RNA (si RNA) du- 
plexes, by a cellular enzyme called dicer (13, 16, 20, 22). One 
strand of this duplex is then incorporated into the RNA in- 
duced silencing complex (RISC), where it acts as a guide RNA 
that Npeciticalb target-. RISC (mucins to homologous iviRNAs 
(13. 28, 40). Once RISC has bound an mRNA bearing a per- 
fectly matched sequence, the mRNA is cleaved by an unknown 
cudonucicase component. Alter release of the RISC, the 
mRNA is degraded by cellular exonueicases. thus resulting in 
spe lie p ttranr- ipt s neinti oi ihe t t 'icne ( 1.4. 17, 
30). 

Although RNAi was first described in Caenorhabditis el- 
egans, it quickly became apparent that RNAi is closely related 
to similar phenomena previously described in plants and cer- 
tain fungi and it is now clear that the ability to mount an RNAi 
response K conserved among all higher eiiknrwites ( 14, 17. 30). 
RNAi and related phenomena have been found to play impor- 
tant roles in the regulation of acne expression during develop- 
ment and in defense of the genome against random mutagen- 
esis induced by iransposable elements (14, 17. 21, 30, 45). 

An additional activity mediated by RNAi, at least in plants, 
is antiviral defense (7, 37). Although it remains unclear 
whether RNAi also has a normal role in antiviral defense in 
vertebrates, the induction of an RNAi response can confer 
specific prelection against several vara! pathogens in culture, 
including human immunodeficiency virus type 1 (H1V-1), hep- 
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at it is C virus, influenza virus, poliovirus. respiratory syncytial 
virus, and hepatitis B virus (2,5. 11, 12, 15, 18, 19, 23," 33, 36, 
41. 44. 50). There has therefore been considerable interest m 
the development of RNAi as a possible treatment for virus- 
induced diseases. 
Although RNAi can be effectively induced in many lower 

ot tl i i s i i t II in .! is ttion ol the 
inu u i ) a s hi m di in i i ion of mRNA 
' i in and frequcn iK u i apoptosis i Ho t 

gene-specific RNAi response can be induced b\ direct trans- 
fer t ion of 21 -bp siRNA duplexes or. alternatively, bv intro- 
duction of piasmids that encode short RNA hairpins that can 
fie processed by dicer to give si RNA duplexes (3, 8, 34, 43, 51). 
Because induction of the interferon response requires dsRNAs 
of >50 bp (27), this strategy allows specific gene silencing by 
RNAi in the absence of the global gene silencing noted upon 
the uuroduetion of long dsRN.A-. 

Although protection against HIV-I alter Iran sleet ion of cells 
with si RNA duplexes or si RNA expression plasm ids litis been 
reported by several groups (5, 15, 18, 23, 33, -44), this strategy 
has several problems, including the transient nalurc of the 

it I c h K d i he f I i 
nucleic acids info primary cells. In addition, targeting of a virus 
that displays the sequence variability of ill V- 1 by using a 
highly sequence-specific reagent such as an si RNA might be 
predicted to rapidly lead to the selection of resistant viral 
variants. To address these concerns, we have identified an 
si RNA that can effectively block the expression of the cellular 
protein CCR5, a key coreceptor for both initial infection and 
subsequent dissemination of primary 1 li V- 1 isolates in humans 
(38). We have also developed a lentivirus vector that can ex- 
press siRNAs. targeted either to CCR5 or the essential HIV- 1 
tin gene, at a level sufficient! to confer a stable antiviral phe- 
notypc on both celt fines and primary macrophages. These data 



I l%4 



VOL. 77. 2003 



U-NTIVIRUS VI-X.TORS THAI EXPRKSS ANTITIIV-i siRNAs 11965 



suggest that it may be possible to confer a stable phcnotype of 
virus resistance on cells and tissues in vivo by targeting either 
cellular genes that serve as essential viral col'aetors or highly 
conserved viral RNA sequences. 



MATF.K1 VI.S AND MKTHODS 
Plasmid construction. The mammalian expression piasmids pSuper, pHlV/ 
Tat, petal. pcRev. pBC!2/CMV/p-gal, and pHIT/G have been described preci- 
ously (3, 5. 10, 26). the pHIV/SynTat expression plasmid is identical to pHIV; 



.1 that ! 



d type 



46). In addition, die HIV I pi" viral clones pM-ADA, pNL -Luc ADA. Al- 
i.ucllXB, and pNI I uc-154') and piasmids expressing human ( 1)4 (pCMV.V 
01)4). OX( R.| (pOMVa/CXl K4). and t GRx (pGMV.vi. CR3) have also been 
described previously (6, 48). 

A 1 ,47 1 -bp fragment of pM d tic-Al i \ eucoihm! vpu . Ihc firs! com ol im and 
rev. and { ; I / I 1 /] md Nhe\. The 

sequence encoding da Vpi carboxy tconinus v,as ihen testorcd |>y ligation a 
I't R derived UNA fragment iron ihc.WI and NY»d .sites. The. PGR primers used 
i I i al in tch downstream otvpr. Most 

I and I sues lo generate pM.-SIN-CMV-BLR. dlie.se additional ma- 
i | in i> t 

in i „, j i ti hi \ i I' im n in v , 

4 TK/I T 3d or residues 953 lo W in the human md ORK (5'-AACGC I TC 
IGOAA.XIGCtGddriVVlTI 3')wcrc cloned uuopNUbhR osscoilially us pre- 
viously clesci ihecf (3) to generate pi 1 1 si I al and plll-siCCRS. respectiveiy. UNA 
I r,;;aae ills coat an i im- Ote III poauolet t d ) and .equal ice, encodinc the tat. tnd 
CCRS-speeilie si RNA prc-ciusors were excised from pi 1 1 -si tat and pill siCORS 

I tl I M 1 ! i Ik lit t i t I s 1 

CMV-BLR lo generate pNI ,-H I -si I at antl pM .-I I i -s.CCRS. respeelively. A 
sinuiat letitivirus vector containing the 111 prouioter but lacking any siRNA 
,i si d , 111 n I in II I HI ( ill 

Primary momic.vlc cultiin h n n ■ a I 

MIX I negative donoi.s were isoi.-aed by ra^oli i h p.'.]ue coa hei t: cent ril aa.usac 
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labeled 21 -lit RNA marker, while lane 7 contained a synthetic 21-nt 
RNA identical to the first 21 nt of the 5' arm of the si RNA precursor 
as a positive (POS) control. Mock, mock-transfected wild-type 293T 
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Oil ihc lie::! ihiy, ceils «c.re washed Willi I'liS aid placed m ire-! medium, i In; 
ceils were alkm-cd u. recover ha I laillicr da, mj iii n Milijet' a M :i -.coaid 
loand nl' iigeelioil mill a icniiviius vceka. l\vi. ilavs alio llu: v, coud inlecin>n. 
Ilia iiansdiiaad Ml )M a, arc ialcelcd soil HI m <.) |C4 aaiiacil ha all the lucifenise 
rcpcrlL-r virus NI.-l.uc-ADAor Nl I uc- 1 549. Ihc cells wciv har«McU 72 h later 



RES LETS 

Construction of a Ientivirus siRNA expression vector. Al- 
though we and others have shown that transfection of siRNAs, 
or of siRNA expression plasmids. can effectively protect cells 
against HIV-1 (5, 15, 18, 23, 33, 44), this protection is only 
temporary. To address this concern, we constructed a Ientivirus 
vector, pNL-SIN-CMV-BLR, that can be used to stably trans- 
duce cultured or primary cells with an siRNA expression cas- 
sette (Fig. 1A). 

pNL-SIN-CMV-BLR was derived from pNL-Luc-ADA (48) 
by deletion of part or till of the HIV-1 vpu. tat, rev, env, and nef 
genes, as well as almost all of the U3 region in the 3' LTR. The 
viral gag, pol, vif, and vpr genes, as well as the 5' LTR and the 
Rev response element, were, howcvai. left intact, as were all of 
die oA-acting sequences required lor cfliciciH genome packag- 
ing, reverse transcription, ami ir.tesr mou. In place of the de- 
leted sc . ICe \e 11 let \ g ,11 PCs i it 
early pit, otei „n\mg I e / tie k i ke , w s 
unique C/al and Xbal sues in the 3' LTR U3 region. These can 
be used to insert an siRNA expression cassette consisting of 
the RNA polymerase ill-dependent HI promoter (3, 31) 
linked lo a sequence designed to form a short RNA stem-loop 
sequence thai can be processed by endogenous dicer to yield 
an siRNA. duplex (3, 34) (Fig. 1 ). This cassette replaces much 
of the 3' LTR U3 region and will therefore be duplicated 
during reverse transcription to replace the promoter and en- 
hancer sequences in the U3 region of the 5' LTR. thus making 
this a self-inactivating double-copy Ientivirus expression vector. 

The initial siRNA tercel sequence chosen was derived from 
nucleotides (nt) 84 to i 1 1 of the HIV-1 tat ORF and is shown 
in Fig. IB. The sequence inserted into the pSuper siRNA 
expression plasmid (3) is predicted to give rise to a 26-bp 
dsRNA stem flanked by an 8-nt terminal loop and a 2-nt 3' 
overhang derived from the transcription termination sequence 
for polymerase III. This expression cassette was excised from 
the resultant pHl-si'fai plasmid by cleavage with Xbal and 
C/cd and then inserted into the pNL-SIN-CMV-BLR Ientivirus 
vector to give pNL-Hl-si'Tat (Fig. 1A). The Ientivirus vector 
encoded by pNL-Hl-si fat was packaged by eoiransfection into 
2931' cells along with plasmids expressing HIV-1 Tat and Rev 
cDNAs ami VSV-G. Packaged virions (30 ng of p24 Gag) were 
used to infect IT 2931 cells, and tiamsiluctants were selected 



with 10 u.g of blastieidin per ml. Generally, >60% of the 
infected cells were successfully transduced with this protocol. 

Primer extension was used to measure the production of 
siRNAs from either the initial pi 1 1 -sit at expression plasmid in 
transfected 293T cells or the Ientivirus NL-Hl-siTat vector in 
pooled, transduced 293T cells (Fig. 1C). The antisense or 3' 
arm of the predicted stem-loop precursor (Fig. IB) was found 
to give rise to two overlapping siRNAs 21 or 22 nt in length, 
measured from the base of the stem, and equivalent levels of 
each siRNA were observed in both transfected and transduced 
2931' cells (Fig. !(.'. lanes 4 and 6). These two products pre- 
sumably arise from processing by dicer at two adjacent cleav- 
age sacs in the predicted RNA hairpin (Fig. IB). In contrast, 
the 5' or sense arm did not give use to any detectable siRNA 
product in vivo, alt. tough a synthetic 21 -nt RNA homologous 
to the predicted siRNA did give rise to a readily detectable 
extension product (Fig. 1C. kmc 7). Therefore, the RNA stem- 
loop structure depicted in Fig. IB behaves like a micro-RNA 
stem-loop precursor in that only one arm of the precursor 
appears to have been stably included in the RISC (14, 17). 

Stable expression of an siRN \ specific for 1 1 IV- 1 tut. ITc\ i- 
ously, we have shown that transfection of an siRNA duplex 
specific for the HIV-1 tat gene can effectively block HIV-1 
replication in culture (5). To test whether expression of a 
Tat-specific siRNA from a Ientivirus vector would exert a sim- 
ilar phenotype, we transfected 2931' cells transduced with NL- 
Hl-siTat or with NL-HI, which is not predicted to express anv 
siRNA, with expression vectors encoding HIV-1 Tat and [3-gah 
As shown in Fig. 2A, vvi noted a significant drop m I at ex- 
pression, compared to that of the ('.-gal control, in NL-HI- 
sil al-transdueed cells, lo test whether the Tat siRNA would 
have any effect on HIV-1 replication, we next infected control 
and transduced 2931' cells with HIV-1 virions pset.idot.vpcd 
with VSV-G and then quantified virus replication by measur- 
ing the level of secreted P 24 Gag protein produced by the 
infected cells. As shown in Fig, 2B, the NL-Hl-siTat-trans- 
duced cells were largely incapable of giving rise to progenv 
virions while contt >1 Nl 1 1 1 ti - lu ' cells , , , 
duced 2931' cells gave rise to high levels of progeny \irions, as 
measured by p24 enzyme-linked unmiinosorbi. nt ,issa\ of ihc 
culture supeniatants. As shown in the Northern analysis pre- 
sented in Fig. 2C, the kick, of progeny virion production in the 
NI.-I I LsiTat -transduced sails coincided with a large drop in 
the expression of all HIV-1 mRNA species after infection, as 
would be predicted if Tat timet ion was largely blocked. 

To demonstrate that the observed inhibition of HIV-1 rep- 
lication was indeed specific, we next washed to demonstrate 
that mutation of the siRNA target site in the HIV-1 tat gene 
would rescue virus replication. Unfortunately, introduction oi 
several point mutations into this sequence in the context of a 
full-length HIV-1 proviral clone resulted in an intrinsically 
defective virus, even though these mutations were designed not 
to affect the sequence of the encoded Tat protein (data not 
shown). 

As an alternative approach to the demonstration of speci- 
ficity, we therefore investigated whether HIV- 1 proviral tran- 
scription could be rescued by eoiransfection of an expression 
plasmid encoding a tat gene in which the siRNA target se- 
quence was mutated, but not by a similar vector encoding 
wild-tvpe 'fat. 'fhe expression plasmid chosen, pHIV/SynTat, is 
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To confirm tin- predk I ion, \\v first iransllcicd NJ .-Hl-siTat- 
transduced or control NL-H I -transduced ceils with either 
pHIV/Tat (encoding wiid-typc fat) or pHlV/SynTat (carrying 
the modihed tat gene). ..s well as with P BC!2/( MV/!3-gal as an 
internal control. As can he seen in Fig. 3B, I'at expression from 
the pHlV/Syn'I'ai vector, unlike 'I at expression from pHiVV 
Tat. was indeed resistant to the siRNA expressed in the NL- 
Hl-siTat-transduced cells. 

To determine whether 1 EI V - J proviral transcription could be 
selectively rescued by the mutant tat gene carried by pHIV/ 
Syn'I'al, we iransfeetcd NI.-l i l-sil ai-transduced cells with ex- 
pression plasmid- encoding ( !) I and ( 'CR5 and 1.0 ng of either 
pi HV/Tai or pi HVVSyn I at or a negative control plasmid. NL- 
i ]] -transduced cells transfected with vectors encoding CD4 
and CCR5 only served as a positive control, while nontrans- 
fcclcd Nl.-Hl cells served as a negative control. At 48 h later, 
these cultures v, ere infected with die previously described NL- 
Luc-ADA indicator virus containing the htc indicator gene 
substituted for «<•/'. Importantly . die />/<: niRNA encoded by this 
virus is expressed in the absence of Rev function and is not 
predicted to contain the tat siRNA target sequence. As shown 
in Fig. 3C, transfection with the pHlV/SynTat plasmid. bearing 

R.N A ta ueiK i ed full d luci 

erase expression by the infecting indicator virus, while the 
wild-lypi Tit expression plasmid pHIV/Tat had little or no 
positive effect. We therefore concluded that the observed in- 
hibition of HIV - 1 replication and gene expression was indeed 
due to the specific degradation of viral niRNAs bearing the kit 
siRNA target sequence. 

An important goal of this research was to confer a stable, 
virus-resistant phenotype on cells transduced with the lentivi- 
rus uRNA expression vector, rather than the transient resis- 
tance characteristic of ceils iransfeeted with siRNAs. To test 
whether resistance to HIV-I replication was indeed stable, we 
compared the virus resistance of Nl .-l 1 1 -si fat-transduced cells 
after 1 week versus 12 weeks in culture. In this experiment, the 
transduced 293T cells were first translcctcd with expression 
plasmids encoding CD4 and either CCR5 or CXCR4. After 
48 h. we then infected the transduced. transfected 293T cells 
with the previously described R5 -tropic Nf -I.uc-ADA indica- 
tor virus or the X4-tropic NL-Luc-HXB indicator virus (6. 48). 
As shown in Fug. 4, 2<)3T cells transduced with NL-Hl-siTat 
remained nonpci missive for productive E H \ - 1 infection by 
either indicator virus after 12 weeks in culture, in contrast to 
the control Nl.-l 1 1 -transduced cells. Primer extension analyses 
revealed that the level of expression of the siRNA encoded by 
the Nl.-l 1 1-siTai provims was essentially the same after .1 week 
or 12 weeks in culture (data not shown). We therefore con- 
cluded that the antiviral state induced by the lentivirus NL- 
Hl-siTat siRNA expression vector was stable over the period 

Inhibition of CCR5 expression with a lentivirus siRNA ex- 
pression vector. Although the NL-Hl-siTat lentivirus vector 
can potently inhibit HIV-I replication (Fig. 2 to 4), this rep- 
resents an idealized system in that the siRNA is designed to 
target the sequence of a cloned IIIV-1 provirus. However. 
siRNA function can be severely compromised by even a small 
number of mismatches with the mRNA target sequence (Fiji. 
3). Given both the known variability of primary HIV-1 gene 
sequences and the mutability of these sequences in die lace of 
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Relative Light Units (x 10-') 

hit;. 4. Stable inhibition of HIV-I gene expression in Nl.-Hl-si- 
1'at-transduccd cells. 293T cells transduced with M.-IU-s,T.at were 
cultured undci selection lor cnlior i week or 12 weeks, fransduccd 
cells were then transfceted with expression plasmids encoding CD4 
ami CCR5 or CD4 and CXCR4 and infected wiih die RS tropic \ I.- 
Luc- AD A or X4-tropic NL-Luc-HXB indicator varus, and induced 
lucif erase activities were determined 2 days later. The average of three 
experiments and the standard deviation are indicated. NEG. negative 



selective pressure, i! appears uulikeh dial siRNAs targeted 
against 1 1 IV- 1 would be able to suppress virus replication over 
the long term in vivo. 

To address this issue, we designed siRNAs targeted to the 
CCR5 eoreeeptor. ( ( I: is critical for HIV-I transmission 
between hum ins 1 is i ,.sa >r i tio , the i ajoi 
of primary HIV- 1 isolates (38). Although important for I [IV- 1 
infection, CC.R5 is dispensable for human health and well- 
being, as shown by the existence of individuals who arc ho- 
mozygous for a point mutation that totally blocks (TR5 ex- 

We identified an siRNA, directed against residues 953 to 979 
of the human ccr5 ORF. than was highly elfccliye at inhabiting 
CCR5 expression by cotransfcction (data not shown). This 
sequence was incorporated into the stem of a predicted RNA 
stem-loop structure, expressed under the control of the HI 
promoter and then introduced into the pNL-SiN-CMV-BLR 
lentivirus vector to give pNL-Hl-CCR5. as shown in Fig. I. 
This lentivirus siRNA expression vector was then packaged in 
293T cells and used to infect other 2934' cells, and transduc- 
tants were selected by culture in blastieidm. 

To test whether the siRNA expressed from the lentivirus 
vector would indeed exert an inhibitory effect on CCR5 ex- 
pression, we transfected pooled 293T cells transduced with 
NL-Hl-siCCR5, with NL-H1 as a control, with plasmids ex- 
pressing green fluorescent protein ((T P), and with CCR5. At 
48 h after transfection, cells were stained with a monoclonal 
antibody specific for (.'( RN and subjected to I -'ACS to quanti- 
tate the level of cell surface ( '(do expression on ( ihP-cxpi ess- 
ing cells. Although the levels of ( il-P expression in the different 
transduced cells were similar (data not shown), the level of 
CCR5 expression observed was dramatically lower in the cells 
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transduced with NI -11 l-si( ,'CR.S than in the control NI.-H1- 
transduccd cells (big. 5A). 

To test whether the si UNA expressed from the N'L-Hl- 
si( ( R: co nil' < i > old , u ^ ml I it mfe- mil In 
R5-tropic HIV-1, we next transfected transduced 293T cells 
with plasmids expressing CD 4 and CCR5 or CD4 and CXCR4. 
Mock-transfeetcd 293T ceils served as a negative control. Two 
days later, we infected the transected 293T cells with the 
R5-tropic indii I f i \D.\ or 1 X4-tropic indi- 

cator virus M.-Luc-HXB (48). At 48 h later, the ceils were 
lysed and induced hieifeixi.se expression levels were quanti- 
tated. As shown in Fig. 3B, NL-Luc-ADA and NL-Luc-HXB 
were able to infect the control NL-f 11 -transduced cells with 
comparable ciliciciicies, ,iv -.hown by the similar levels of ex- 
pression of the virus-encoded lucilerasc. In contrast, while the 
NL-Hl-siCCR5-transdueed cells remained fully permissive for 
infection by the X4-tropic NL-I .tie- 1 IXI5 indicator virus, infec- 
tion by the R5-tropic NL-Luc-ADA indicator virus was 
strongly reduced f lag. 515 ). 

If the siRNA expressed in the NL-I 1 1 -siCCRS-transduced 
cells is tndecd functional, then it should induce the selective 
degradation of: CCR5 mRN A (14. 17, 30). To test this hypoth- 
esis, we prepared total RNA from cultures transfected as de- 
scribed above and performed Northern analysis for either the 
CCR5 or the CD4 mRNA expressed from the cotransfected 
plasmids. As shown in Fig. 5C, we observed a marked and 
specific inhibition of the level of CCR5 mRNA expression in 
the NL-Hl-siCCR5-transdueed cells compared to that in con- 
trol NL-HJ -transduced cells, while the level of CD4 mRNA 
expression remained consianl. 4'ogethcr. these data indicate 
that the CCR5-speci(ie siRNA produced by the NL-I 11- 
siCCRS lentivirus vector is able io specifically reduce not only 
CCR5 mRNA and protein expression but also infection by 
R5-tropic HIV-1. 

Inhibition of HIV-1 replication in primary macrophages by 
siRNAs expressed from lentivirus vectors. The data presented 
thus far were all obtained with the human cell line 293T, and 
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theieforc mwd the IcniKir 
MDM. It has previously be 
these nontliv ding cells can f 
by 1 II V- 1 -derived lentivirus 

To obtain good levels of infection without selection and 
without having lo concentrate the lentivirus vector prepara- 
tions and to sec ifwe could observe functional synergy between 
two distinct lentivirus siRNA expression vectors, we trans- 
duced each MDM culture twice over a 2-day interval (Fig. 6). 
Two days after the second transduction, the MDM were in- 
fected with aliquot* of the R5- tropic NL-Luc-ADA or the 
X4-tropic NL-Luc-1549 indicator virus. The env gene used in 
NL-Luc-1549 is derived from a primary X4-tropic HIV- 1 strain 
that, unlike laboratory X4-tropic HIV-1 isolates, is able to 



jiressaai. Mockarairdeeied 2».'T ceils served as a negative control 
tNlAO, while wild-tvee 2<)3I cells l faiisfeclcd with CCR5 and CD4 
served as a positive control (POS). 
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III siCORS and then with NL 1 1 1 -si la I. two davs later. I he trans- 
duced MDM were infected with the R.S-lrnpie reporter virus NL-I.uc- 
ADA (A) or X4~tmpic reporter virus Nl.-ljie l.S4 1 ) (B) and induced 
hieiferase levels were measured a further 48 h later. Doubly NI.-III- 
transduced MDM served as the negative control (Nli(i). The average 
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infect primary macrophages with exclusively endogenous 
CXCR4 as a coreccptor (48). 

As shown in Fig. 6A. we observed efficient inhibition of 
MDM infection by 'the R5-tropic NI.-l.uc-ADA indicator virus 
after transduction with NL-H 1-siTai, NL-Hl-siCCR5, or both 
lentivirus vector-, flic etiicienc\ of inhibition by NL-H 1-siTat 
was such that it was not possible to see any synergy with 
NL-Hi-siCCR5 under these assay conditions.' In contrast to 
the R.Vtropic NL-Luc-ADA indicator virus, infection of pri- 
mary macrophages by the X4-tropic NL-Luc-1549 virus was 



entire lv unadceled by transduction of the cells with NL-H1- 
si('( R5, as predicted. However, this virus remained fully sus- 
ceptible to inhibition by NL-H 1-siTat (Fig. 6B). We therefore 
concluded th tic len it us >i NA cxprcssa n vectors ai 
capable of expressing siRNAs in primary mactophages at levels 
sufficient lo ellectivelv baoek functional expression of the cel- 
lular c.a-5 or viral tat gene product. 

DISCUSSION 

While there has been considerable exciicmeni over the po- 
tential of RNAi as a treatment for virus-induced diseases, this 
potential will only he achievable if the relevant nucleic acids 
can be effectively delivered to the appropriate cells in vivo, 1 
an effective level of expression of the siRNAs can be main- 
tained over a lone period, and u the lareet virus is not able in 
rapidly undergo selection for variants that are resistant to Die 
siRNAs used." 

While we and others luce previously reported excellent pro- 
tection against HIV- 1 and other viruses in cell lines and pri- 
mary cells in culture (2, 5. 1 1, 12, 15, 18, 1.9, 23, 33, 36, 4.1, 44, 
50), the approach used, i.e.. primarily transfection of siRNA 
i To address this 

concern, we have developed a simple lentivirus vector that can 
effectively and stably express siRNAs at a level sufficient to 
block HIV- 1 replication in culture (Fig. 1). Although thepNL- 
SIN-CMV-BLR vector may not be sufficiently defective to be 
suitable for use in humans, these data nevertheless provide 
proof of principle for the concept that stable' expression of 
siRNAs, and hence a stable antiviral phenotype, can be 
achieved with lentivirus vectors or other viral vectors. 

A second concern noted above is die issue oi viral variability 
and the resultant ability of viruses to escape inhibition by 
siRNAs targeted to even highly conserved regions in the viral 
genome. While it might, in principle, be possible to design 
siRNAs targeted to multiple critical viral sequences that, in 
combination, would provide long-term protection, a possible 
alternative strategy is to target a cellular gene product that is 
essential for virus replication but dispensable to the host. The 
human cvrfi gene provides an ideal example of such a target, as 
it is critical for infection by most primary HiV-1 isolates yet 
apparently of little or no importance to the hitman host (25. 
38). 

With the lentivirus vector siRNA expression strategy, we 
were indeed able to effectively and speeilicalh reduce CCR5 
protein and mRNA expression in transduced cells (lag. 5). 
More importantly, this approach allowed us to selectively in- 
hibit infection by R5-tropic, but not X4-tropic. HIV-1 isolates 
of not only cell lines but also primary macrophages (Fig. 5B 
and 6). These data therefore confirm and extend the recent 
report by Qin et al. (35) showing that a lentivirus-expressetl 
siRNA targeted to CCR5 can inhibit infection of primary T 
cells by R5-tropic HIV-1. Together, these reports suggest that 
this strategy has the potential to block HIV-1 infection in vivo 
in a manner thai cannot be overcome simple by a I - or 2-nt 
change in the viral siRNA target sequence (12). Of course, 
HIV-1 might still be able to escape this inhibitory effect by 
switching to another corcceptor, such as CXCR4 (25. 38). 
While this certainly represents a serious concern, we note that 
it may also be possible to •amuhancousk knock down ( \( 'K i 
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expression in adult patients with RNAi without serious side 
effects fur the host and lo thereby preclude this avenue of viral 
escape (29). 

Although the locus of this report has been the potential of 
lcnmtiiis siRN 1 p t tot t i i i I i E 
permissive for HIV- 1 replication, these vectors also have the 
potential to induce the stable knockdown of important cellular 
genes unrelated to the HIV-1 life cycle in either cultured cells 
or experimental animals (39, 42, 47). We therefore intend to 
make the pNL-SIN-CMV-BLR lentivirus vector, as well as a 
variant expressing gfp in place of Mr, available to academic 
researchers on request. 
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Influenza A virus causes widespread infection in the human respi- 
ratory tract, but existing vaccines and drug therapy are of limited 
value. Here we show that short interfering RNAs (siRNAs) specific 
for conserved regions of the viral genome can potently inhibit 
influenza virus production in both cell lines and embryonated 
chicken eggs. The inhibition depends on the presence of a func- 
tional antisense strand in the siRNA duplex, suggesting that viral 
mRNA is the target of RNA interference. However, siRNA specific 
for nucleocapsid (NP) or a component of the RNA transcriptase (PA) 
abolished the accumulation of not only the corresponding mRNA 
but also virion RNA and its complementary RNA. These siRNAs also 
broadly inhibited the accumulation of other viral, but not cellular, 
RNAs. The findings reveal that newly synthesized NP and PA 
proteins are required for influenza virus transcription and replica- 
tion and provide a basis for the development of siRNAs as pro- 
phylaxis and therapy for influenza infection in humans. 

Influenza A virus, a member of ihe Orthomyxoviridae. family, 
I causes the most prevalent infection of the respiratory tract in 
humans (I). In a typical year. !0-20'y of the population in the 
United Stales is afflicted' by die virus, resulting in up to 40.000 
deaths (2). In what was one of the most devastating human 
catastrophes in history, at least 70 million people died worldwide 
during the 19I8 influenza virus pandemic (3). The virulence 
of influenza; A virus adults from (?) us easy spread by aerosol; 
(7/) its ability to escape from protective immunity by fre- 
quent changes in viral antigens (antigenic drift) (4, 5); and 
((77) trie periodic emergence of new virulent strains by reassort- 
ment or mixing of RNA segments between viruses from two 
different species (antigenic shift) (6). 

The threat of a new influenza pandemic persists because, 
despite intensive efforts, existing vaccines and therapy for in- 
fluenza infection have only a limited value (7). Current vaccines, 
consisting of either killed virus or recombinant surface glycop- 
roteins, induce only a weak IgG response and. as a result, 
protection can wane in as little as 6 months (8). In the most 
susceptible population, elderly and immunocompromised indi- 
viduals, the efficacy of vaccination is merely 3s>% (2, 8). In 
addition, the existing vaccines have to be reformulated almost 
every year because the viral antigens [hemagglutinin (HA) and 
neuraminidase (NA)j that elicit protective antibodies usually 
undergo changes, rendering the previous year's vaccine ineffec- 
tive against any new virus subtype. Similarly, although four 
antiviral drugs have been approved in the United States for 
treatment and/or prophylaxis of influenza, their use is limited 
because ol re side effect I the pos i io 

RNA interference (RNAi) is a process by which double- 
stranded RNA (dsRNA) directs sequence-specific degradation 
of messenger RNA (mRNA) ( 1 0— 12). This phenomenon was 
initially observed in Ca.morlwMitis chains (13), in plants (10, 
14). and, recently, in mammalian cells (15). In plants, it is an 
evolutional)!}' conserved response to virus infection. Naturally 
occurring RNAi is initiated by the dsRN A specific endonuclease 
Dicer-RDE-1, which proccssively cleaves long dsRNA into 



double-stranded fragments between 21 and 25 nl in length, 
termed short interfering RNA (siRNA) (15), siRNAs are then 
incorporated into a protein compiles that recognizes and cleaves 
target mRNAs. Studies have shown that in mammalian cells, 
RNAi can be triggered by introducing synthetic 21 -nt siRNA 
duplexes into the cells (16). bypassing the requirement for 
I )icer-RDI7-l -mediated processing of long dsRNA, Because 
21-nt siRNAs are too short to induce an I FN response in 

interference of gene expression in a sequence -specific manner. 

they represent a previously unrecognized class of molecules that 

may have significant medical applications. 
We report here the identification of siRNAs that can potently 
hibit inl i } ii i th I id ei 

onated chicken eggs. We show that inhibition by the most potent 

siRNAs is a result of both sequence-specific interference with 

viral mRNA accumulation and broad inhibition of all viral RNA 

transcription. 

Materials and Methods 

siRNAs. All RNA oligonucleotides were synthesized by Dharrna- 
con Research (Lafayette. COj. fhe oligonucleotides wcie 
deprotected according to the manufacturer's instructions. 
Equimolar amounts of complementary oligonucleotides were 
mixed and annealed by heating to <o : '(7 for 5 min, then reducing 
the temperature slowly by TC every 30 sec until 35°C. then by 
rC every min until the tempera: ure reached 5 ( 7 The modified 
RNA oligonucleotides, in which the 2'-hydroxyl group was 
replaced, with a 2' -O-methyl group in every nucleotide residue, 
was synthesized by Dharmaeon, deprotected, and annealed to 
complementary strands as above. The resulting siRNA duplexes 
were analyzed for completion o uplex formation el t 
trophoresis. Sequences of all siRNAs tested are shown in 'fable 
2, which is published as supporting information on the PNAS 
web site, www.pnas.org. 

Viruses and Assays. Influenza viruses A/PR/8/34 (PR8) and 
A/WSN/33 (WSN), subtypes HIN1, were kindly provided by 
Peter Palese (Mount Sinai School of Medicine. New York). The 
viruses were grown in the allantoic cav ity of i()-day-okl embry- 
onated chicken eggs (Charles River Laboratories. Wilmington. 
MA) at 37°C. Allantoic fluid was harvested 48 h after virus 
inoculation ami stored at -SOT 7 Virus liter was measured by 
hemagglutination or plaque assays. The hemagglutination assay 
was carried out in V-bottom 96-weII plates. Serial 2-fold dilutions 
of virus samples were mixed with an equal volume of a 0.5T 
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suspension (vol/ vol) oi chicken cryihrocylcs (Charles River 
Laboratories) ami irici.h ated on lee (or , h. Wells containing an 
aclhcrcm. "omoccneoi:- layci • >! cr\ i' iroev e. were scored as 
positive. For plaque assays, serial 10-fold dilutions of virus 
samples were added onto a monolava ut Madin-Darbv canine 
kidney (MDCK) cells a, iA, semisolid agar. Two days after 
infection, plaqi.es v.crc equalize a by Gaining with crystal violet. 

Ceil Culture and Virus Infection. MDCK ce lls were grown in DMEM 
con ),iiu i')' IK it iv t , ICS 2 m\l i gi line ')() 
units/ ml Denieiilin, and Hit) us/ml streptomycin at 57'C under 
a ~ CO % an nuospkic F 01 siRNA introduction, 
logarithmic ph MD< K cells wet vp ini ed « ishi md 
resuspended in serum -live RPMI medium 1640 at 2 X JO 7 cells 
per ml. Cells (0.5 ml) were mixed with siRNA and electroporated 
at 400 V and 975 /iF by using a (dene Pulser apparatus 
(Bio- Rail). 1 lectroporated cells were divided into three wells of 
a six well plale and cultured in DMHM for S h. The culture 
medium was then removed and 100 t i\ ol' PRS or VVSN virus in 
infection medium, consisting of I )Mi:M. 0.3':; BSA (Sigma). 10 
mM Hopes. 100 units/ nil penicillin, and 100 /.i.g/ml streptomycin, 
was added to each well. After incubation for I li at room 
temperature. 2 nil of infection medium containing 4 jug/ml 
trypsin was added to eaeli well and the cells were cultured at 37T3 
under 5C CO.;. At different tunes after infection, supernatant* 
were harvested from infected cultures and the virus titer wars 
determined. 

Virus and siRNA Inoculation in Chicken Embryos. For each inocula- 
tion, 30 ,d of Ougofeciamme ( ln\ itro»en) was diluted with 30 ,xl 
of Opti-MF.M i HilBO n. siRN \ 1 3.5 mnol (10 M l)] was mixed 
with 30 ill of Opti Ml Al I and added to diluted Oligofectamine, 
ami the mixture was in; abated at room temperature for 30 mill. 
'The mixture was then combined with 100 f d of PRS varus [5.000 
plaaucdoi nung units (pl'u)/ml] and immediately injected into 
the allantoic canity of a 10-day cmbrvonalcd chicken egg.. The 
eggs were incubated at 37°C for 17 h and allantoic fluid was 
harvested to measure virus liter. 

RNA Extraction, Reverse Transcription (RT), and Real-Time PCR. 
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10 nun. The reaeuon wais then performed at 95°C for 15 sec and 
W)"C for I min for 30 cycles. All reactions were done in duplicate. 
The levels of PCR products were monitored with an ABI PR ISM 
7000 sequence detection .system and analyzed with A BI PR ISM 
7000sos software (Applied Biosystems). Cycle limes were ana- 
lyzed at a reading of 0.2 fluorescence unit. Cycle times that 
varied by 1 0 unit be * ! tes were disc irded. The 

duplicate cycle times were averaged and normalized to the cycle 
time of y-aetin. Sequences of RT and PCR primers are shown in 
Table 3. which is published as supporting information on the 
PNAS web site. 

Results 

Design of siRNAs Specific for Influenza A Virus. Influenza A virus has 
a segmented RNA genome. Three of the eight RNA segments 
encode three components of the RNA transcriptase (PA. t'Bl, 



and PR2) ( I l. Three additional RNA segments encode the major 
glycoproteins: HA and NA, and nucicocapsid protein (NT). 

ic tin i s \ nn ik 1 nit 

either Ml or M2, and NS1 or NS2. which function either as viral 
structural proteins or in the viral hie cycle. Among influenza A 
viruses. 15 HA subtypes and 9 NA subtypes are known. Extensive 
differences in u ti k pjcnccs Iso | resei t in otnei 
genes liiinu in >Iit s io l i n - in i ci u ,pi ies 
To design -iRNAs that remain effective despite antigenic drifts 
and shifts, wc focused on regions of the viral genome that are 
conserved among different subtypes and strains of virus from 
human, chicken, duck, horse, and swine (the influenza sequence 
database, wvvw.flu.kiul.gov). Besides having no more than 1 
mismatch in the 21 nucleotides among different virus subtypes 
and strains, the siRNAs designed did not share identity with any 
known human gene. We designed and tested a total of 20 siRNAs 
specific for NP.' PA, PB1, PB2, M. and NS genes. No siRNA for 
HA and NA was designed because they contain no stretch of 
conserved 2 I nucleotides, a result of extensive variations in these 
genes among dilTctcnt virus isolates fioai humans and various 
other species. 

Inhibition of Influenza Virus Production in a Cell Line. To test whether 
die synthetic siRNAs inhibited influenza virus production, we 
first examined their effect in MDCK cells. siRNAs (2.3 mnol) 
were introduced into MDCK cells (1 X 10 7 ) by electroporation, 
and S h later the cells were infected with either PRS or WSN 
virus at a multiplicity of infection (moi) of 0.00 1 , 0.01 . or 0.1. At 
different limes after infection, culture supernatants were har- 
vested, seiialK diluted, and assayed to determine the virus liter 
by using an HA assay. As a control. siRNA specific for OFP 
(termed GFP-04C) was .similarly introduced into (TP expressing 
\lfi k .elk I >11 I b ii us i ,1 lion y in p , \ , si d 

\ how i in I i I ill ist n iRN \) \n us 

liters in the infected cultures increased over time, reaching peak 
values between 4,3 -00 h. Transfect ion of CFP-940 did not' affect 
virus production at any time point but significantly inhibited 
GFP expression (data not shown), indicating thai siRNA does 
not interfere iionspecifically with influenza virus production. 
IVansfection of siRNAs specific for influenza \ints generated 

Ollc us t lest K II 1 II d til I ib r I -a 

of the' siRNAs had no discernable effect on the virus titer, 
indicating that thev were not effective in interfering with influ- 
enza virus production in MDCK cells. Second. -==40C of the 
siRNAs significantly inhibited virus production. The extent of 
inhibition varied somewhat, depending on whether PRS or WSN 
virus was used. Turd, - -15b; of the siRNAs potently inhibited 
virus production, regardless of whether PRS or WSN virus was 
used. When either NP-14% or PA-20S7 siRNA was used, 
inhibition was so pronounced thai culture supernatants lacked 
detectable 11 \ activity (Fig. 1,1). 

To estimate virus titers more precisely, we performed plaque 
assays with cultures that were infected with PRs virus at a moi 
of 0.001 or 0.1 in the presence or absence of siRNA specific for 
NP (NP- 14%). At a moi of 0.001. b X lib pfu/ml was detected 
m the mock culture, whereas no plaques were delected in the 
undiluted NP-14% culture supernatant. As the detection limit of 
the plaque assay is " CO t i f virus produc 

lion by NP-14% is at least 30,000-fotd. Even at a moi of 0.1, 
NP-1496 inhibited virus production 200-fold. 

To determine the potency of siRNA. a graded amount of 
NP-14% was electroporated into MDCK cells, followed by PRS 
infection. Virus titers in the culture supernatants were measured 
by HA assay. As the amount of siRNA decreased, virus titer 
increased in the culture supernatants (Fig. IS). However, even 
when 25 pmol of siRNA was used lor elect roporai ion. an -4- fold 
decrease in virus production was detected as compared with 
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Table 1. Effects of siRNAs on influenza v 
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(Left) and WSN (ff/g/rt) infections. MP 1 496, etc , are siRNAs specific for differ- 
ent viral genes. Foi i i) I NP 14 tiutt i if pecific for NP, with 
the beginning nurl . iti n »< Ni' lire (6) Inhibition 

of influenza vims it di h s of siRNA. MDCK cells were 

transferred with the Indicated amount of NP-1496 foil >wed I. 
later with PR8 virus at a inoi of 0,1, Virus titer was measured 48 h after 
infection. Data sh r : i >e s. (C) Inhibition of 

influenza virus production by siRNA administered after virus infection. MDCK 
cells were infected with PR8 virus at a moi of 0.01 and were electroporated 2 h 
I I J 1 'H !,;.'> i I Vims i was i I i li i ' 

after infection. Data shown n fro mi> of t <|j ents (D) Schematic 
diagrams showimi i • >l li ,il I i 1 il genome and its 
relative potency in inhibiting influenza virus production in MDCK cells (based 
on data in Table 1). UTR, untranslated regions. 



mock translectiori. indicium; a high poicnc\ i>! NP- • -!'*(> siKNA 
in inhibiting influenza virus production. 

For therapy, siRNA must be able to effectively inhibit an 
ongoing virus infection. Alter influenza virus infection, new 
virions are released in 4 h. To eliminate reinfection by newly 
released virus. MDCK cells were infected with PR8 virus lot 2 h 
and then transfected with NP-1496. With time, virus liter 
increased sicadilv after mock transiection, whereas virus titer 
was onlv slightlv increased in NP-1496-transfected cells (Fig. 1C). 
Thus, administration of siRNA after virus infection can also be 
effective. 

Together, these results show that (/) some siRNAs can po- 
tently inhibit influenza virus production in MDCK cells (Fig, 
I/)): t»7) influenza virus production can be inhibited by siRNAs 
specific for different viral genes, including those encodina NP, 
PA. and I'll!: and tin) siRNA inhibition cam still be initiated m 
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in of virus pins GFP-949 did n 
virus titer. Connection of siRNAs specific for influenza virus, 
however, reduced virus titers. The results were concordant with 
those m MDCK cells. The same siRNAs (NP-1496, PA-2087, and 
PB 1-2257) that potently inhibited influenza virus production in 
MIX Is cells also inhibited t iiais production in chicken embryos, 
whereas siRNAs (NP-231, M-37. and FBI -129) that were less 
effective in MDCK .cells (Fig. ID and Table 1) were ineffective 
in chicken embryos. No significant reduction of virus titer was 
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Fig. 2. siRNAs interfere with influenza virus production in embryonated 
chicken eggs. A mixture of siRNAs (2.5 nmol), Oligofectamine, and PR8 virus 
(500 pfu) was injected into the allantoic cavity of 10-day-old embryonated 
chicken eggs. Allantoic fluid was collected 1 7 h later and assayed for virus titers 
as in Fig. 1 . Data shown are from one of two experiments. 



observed when OliRofeelamine was omitted. 'I litis, siRNAs also 
effectively interfere with influenza virus production in embry- 
onated chicken eggs. 

mRNA Is Probably the Direct Target of RNAi. The RNA segments 
present in the influenza virion are called virion RNA (vRNA, 
strand, Fig. 3/1) (1). Transcription of vRNA by the virus- 
encoded Iransci 1 produ il ' d), which serves 
as a template for synthesis of viral proteins. Transcription of 
vRNA also produces complementary RNA (cRNA, + strand), 
which serves as it template for synthesizing more vRNA for new 
virion production. Although siRNA is known to target mRNA 
lor degradation (It) 12), si RNA may also interfere with vRMA 
and cRNA. This result could occur because of the complemen - 
tarity of the duplex siRNA strands: the amisense strand is 
complementary to mRNA and cRNA. and the sense strand is 
complementary in vRN V To mvesliuate these possibilities, we 
used NP-1496 siRNA in which either the sense (S or I ) 
or antisense (AS or -) strand was modified (niS:wiAS or 
wtSatiASi. The modification, which replaces the 2'-hydroxyl 
group with a 2'-0-methyI group in every nucleotide residue, does 
not affect base-pairing for duplex formation, but the modified 
RNA strand no longer supports RNAi (M.'l'.M. and P.A.S., 
unpublished data). 

MOCK cells were elect ropnrated with wild-type or modified 
NP-1496 siRNAs. followed by PR 8 virus infection, and virus titer 
in culture supcrnauinls was measured. High virus liters were 
detected in cultures with mock transtection (big. 'Ml). As ex- 
pected, very low virus titers wet e detected in cultures transfected 
with wild-type siRNA (wtStwtAS). and high virus titers were 
detected in cultures transfected with siRNA in which both 
strands were modified (mSunAS). The virus liters were high in 
cultures transfected with siRNA in which the antisense strand 
was modified (wtStmAS). whereas the virus liters were low in 
cultures transfected with siRNA in which the sense strand was 
modified (mStviAS). The requirement for a wild-type antisense 
(-) strand in the siRNA duplex to inhibit influenza virus 
production suggests that the target of RNAi is either mRNA ( + ), 
cRNA (+), or both. 

To further distinguish between these possibilities, we exam- 
ined the effect of siRNA on the accumulation of the correspond- 
ing mRNA, cRNA, and vRNA. To follow transcription in a 
cohort of simultaneously infected ceils, si RNA-transfected 
Ml )( K ceils were harvested for RNA isolation 1 , 2, and 3 h after 
infection (before new virion release and reinfection). The viral 
in RNA, vRNA. and cRNA were first independently c. inverted to 
cDNA by using specific primers (Fig. Mi). The 'level of each 
cDNA was then quantified by real-time PCR. When M-specific 
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ition of influenza virus production requires a wild-type 
d in the duplex siRNA. MDCK cells were first electropo- 
rated with siRNAs formed from wt and modified (m) strands and were infected 
8h later with PR8 virus at a moi of 0.1. Virus titers in the culture supernatants 
were assayed 24 h after infection as in Fig. 1 . Data shown are from one of two 
:s. (C) M-specific siRNA inhibits the accumulation of specific mRNA. 
were electroporated with M-37, infected with PR8 virus at a moi 
of 0.01, and harvested for RNA isolation 1, 2. and 3 h after infection. The levels 
of M-specific mRNA, cRNA, and vRNA were measured by RT using RNA-specific 



i in A, f 
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RNA species was norma zed to t-.e level <>' y-actir. mRNA (dortom) in the same 
sample. The relative levels of RNAs are sle-wn as mean value 
are from one of two experiments. 



siRNA M-37 was used, little M-m il nR s \ was detected I 
or 2 h after infection (Fig. 3c."). Three hours after infection, 
M-specific mRNA was readily detected in the absence of M-37. 
In cells transfected w hit M-37, the level of M-specific id RNA was 
reduced by <*50%. In contrast, the levels of M-specific vRNA 
and cRNA were not significantly reduced by the presence of 
M-37. indicating again that \ iral mRNA R probably the target of 
siRNA ntcdiat ed i n t e r fe re t tee . 

Some siRNAs Inhibit Accumulation of All Viral RNAs. We also exam- 
ined the effect of NP-1496 siRNA on the accumulation of 
NP-specific mRNA, vRNA, and cRNA by RT, followed by 
real-time PCR. With similar results as M-specific mRNA, NP- 
specific mRNA was low 1 or 2 h after infection (Fig. 4/1 Top). 
Three hours after infection, NP mRNA was readily detected in 
the absence of NP-1496, whereas in the presence of NP- 1 496, the 
amount of NP mRNA remained at the background level, indi- 
cating that siRN i i umuiation of specific mRNA. 
However, the NP-specific vRNA and cRNA were also abolished 
by the presence of NP-1496 (Fig. 4zl Middle and Bottom). The 
same results were also obtained when Northern blotting was used 
to detect the viral RNA in infected cells (Fig. 5). Moreover, 
inhibition of other viral RNAs also occurred. In the NP-1496- 
trcatcd cells, the accumulation of mRNA. vRNA, and cRNA of 
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Fig. 4. NP-specific siRNA inhibits the ac 
elec i loporated with NP-1496, infected w 
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i) in the same sample. The relative levels of RNAs are sh 
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after infection. The levels of mRNA, cRNA, 
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M, NS, PB1, PB2, and PA genes was also inhibited (Fig. 4 B and 
C. and data not shown). This broad inhibitory effect was also 
observed for P/V2087 (data not shown). As shown above, 
however. M 37 inhibited the accumulation of only M-specific 
mRNA but not M- specific vRNA or cRNA or other viral RNAs 
(Fig. 3C). Tims, depending on their sequence and specificity, 
certain siRNAs e\crt a aloha! effect, mhibitina accumulation of 
all viral RNAs. 

One possible cause tor the broad inhibition of \ iral KNA 
accumulation is an J FN response by the infected cells to the 
presence of dsRN A ( I 7. \<). 201. Finis, wc earned out the above 
experiments in Vero cells in which the entire I FN locus, includ- 
ing all a, 0, and w genes, is deleted (21. 22) (Q.G. and J.C., 
unpublished data). In these cells, as in MDCK cells, the accu- 
mulation of NP-. M-, and NS-specific mRNAs was inhibited bv 
NP-1496 (Fig. 4D). In addition, we assayed the effect of si RNA 
on the levels of transcripts from cellular genes, including j8-aetin, 
y-aetin, GAPDH. and ribosotna! 1.22. No signifiean! difference 
in iranscripl levels of ihese genes was detected in (he presence 

Hour after 1 _ _ 
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NP-1496 -+-+- + 

np «- ■ m 
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Fig. 5. NP-specific siRNA inhibits the accumulation of all NP viral RNAs. 
MDCK cells were electroporated with NP-1496, infected with PR8 virus at a moi 
of 0,1, and harvested for RNA isolation 1, 2, and 3 h after infection. Total RNA 
(15 fig) was separated by a 1.2% denaturing agarose gel, transferred, and 
I i[< til i ii i and the ribosomal 

L32 gene (tower). The numbers indicate the relative levels of NP-specific RNA 
normalized to the levels of L32. The level of NP-specific RNA in cells that were 
infected for 1 h in the absence of siRNA is arbitrarily given a value of 1. The 
NP-specific probe was double-stranded and hybridized to mRNA, vRNA, and 
cRNA. 



or absence of siRNA (Figs. 3C and 5 and data not shown), 
indicating that the inhibitory effect of siRNA is specific for viral 
RNAs. These results suggest that the broad inhibition of viral 
RNA accumulation by siRNA is not because of a cellular I FN 

After influenza virus infection, the presence of dsRNA also 
activates a cellular pathwas that targets RNA for degradation 
(17). To examine the effect of siRNA on the activation of this 
pathway, we assayed the levels of phosphorylaled protein kinase 
R (PKR). Ihc most critical component of the pathway (17). 
Transfection of MDCK cells with NP-1496 in the absence of 
'virus in feci ion did not affect (he levels of activated PKR (data 
not shown). Infect ion by influenza virus resulted in an increased 
level of phosphorvlnicd PKR, consistent with previous studies 
(19, 20. 23). However, the increase was the same in the presence 
or absence of NP-1496 (data not shown). Tims, the broad 
inhibition of viral RNA accumulation mediated by certain 
siRNAs is not a result of enhanced RNA degradation. 

Discussion 

In this report we showed that (/) siRNAs can potently inhibit 
influenza virus production, and (//) some siRN \s exert their 
inhibitory effect by interfering with the accumulation ol not onl\ 
mRNA, but also other viral RNAs. These findings have signif 
icant implications for the use of siRNA for prophylaxis and 
therapy of influenza virus infection, and for the mechanisms 
underlying influenza virus transcription and replication. 

Influenza virus infection is considered to have the potential to 
become a much more dangerous disease than at present because 
of easy transmission, antigenic shift and drift of die virus, and the 
limited efficacy of current vaccines and therapy (7). We showed 
that siRNAs potently inhibited influenza virus production in 
both cell lines and embryonatcd chicken eggs. Among 2!) siRNAs 
tested, those that target NP and a component of the RNA 
transcriptase are especially effective, working at ptcomoiar range 
and after virus infection has occurred, fhese results provide a 
basis for further development of siRNAs foi prophylaxis and 
lherap\ of influenza virus infection in humans. Influenza virus 
naturally infects epithelial cells in the upper respirator) 1 1 act and 
lungs in humans. siRNAs could be conveniently administrated 
via intranasal or pulmonary routes, t 'considering that the number 



2722 | www.pnas.org/cgt/doi. 10. 1073 pnas.0437841 100 



of virions is probably small at the beginning of a natural 
infection, sufficient amounts of siRNA may be taken up by 
epithelial cells in the upper airways and lungs to inhibit virus 
replication, thus, potentially achicvine preventive or therapeutic 
effects. 

After influenza \ irus infection. vKNA is traisseribed into both 
mRNA and cRNA (1), Because of the complementarity of 
duplex siRNA strands, siRNAs mav interfere directlv with 
mRNA and with vRNAand cRNA. We showed that viral mRNA 
is the direct target of si'RNA-mediatcd interference because 
(i) the mtci tei c i c i i ii nse strand of the 

siRNA duplex, and (//) M-specific siRNA interfered with the 
accumulation of M-specific mRNA, but not cRNA or vRNA. 
These findings are consistent w ah pre, ions studies showing that 
siRNAs target Uk degradation of rnRNAs thai are transcribed 
from either "cellular or viral genes ( 10-1 2, 24-26). In particular, 
siRNA was previously shown not to interfere with vRNA of 
respirator, syncytial virus (RSV) (27). As with RSV, influenza 
vRN'A and eRN.X are bound by NP, which may protect these 
RNAs from cleavage by RNAi machinery, h is also possible that 
rnRNAs are targeted because they are exported to the cyto- 
plasm, whereas vRNAs and cRNAs remain in the nucleus of 
influenza virus-infected cells. 

We found, however, that NP- or PA specific siRNA interfered 
with the accumulation of not only NP- or PA-specific mRNA, but 
also NP- or PA-specific cRNA and vRNA. These siRNAs also 
inhibited the accumulation of RNAs from other viral genes. This 
broad inhibition was virus-specific, as it did not significantly 
affect RNAs transcribed from cellular genes. This virus-specific 
inhibition was also observed in Vera cells, which hick the I FN a, 
fi. and ca genes, judical ing. that the broad inhibition is not a result 
of an ll-'N response that shuts ol fall transcriptions in the infected 
cell-. In addition, the broad inhibit ion was not a result of a 
general degradation of virus-specific RNAs because activation of 
protein kinase R was not affected by the presence of siRNA in 
infected cells. Instead, these ! Hidings reveal a critical role of 
ttcwlv synthesized NP and PA proteins m viral transcription and 
replication. 

'I he number P protein 1 o in d h u 
hypothesized to regulate the levels ol mRNA synthesis \ cr-,us 



genome RNA (vRNA and cRNA) replication (I). Using a 
temperature -sensitive imitation in the NP protein, previous 
studies have shown that cRNA, but not mRNA, synthesis was 
temperature-sensitive both in vitro and in vivo (2H. 29). NP 
protein was also shown to be required for elongation and 
ml tin ii i i i cc i Kb s dt \tii suipts(29,30). 
AT i id >at " u iRN V mhi i d the ccumulation of 
all viral RNAs in infected cells. Probably, in the presence of 
NP pecific ik \ the cwl> transcribed NP niR 1A i 1 
graded, resulting in inhibition of NP protein synthesis. Without 
newly synthesized NP. further viral transcription and replication 
are blocked, as is new virion production. 

Similarly, in the presence of PA-specific siRNA. newly tran- 
scribed PA mRNA is degraded, resulting in inhibition of PA 
protein synthesis. Despite 'die presence ol 30 -bo copies of RNA 
transcriptase per influenza virion ( I), without newly s>. nt hesized 
RNA transcriptase, further viral transcription and replication 
arc e\ idenih inhibited. In contrast, the matrix ( M) protein is not 
requiicd until a late phase of virus infection (i). Accordingly, 
M-specific siRNA inhibits the accumulation of M-specific 
mRNA but not vRNA, cRNA, or other viral RNAs. Taken 
together, these findings demonstrate a critical requirement for 
newly synthesized NP and PA proteins m hit luenza viral RNA 
transcription and replication. The broad inhibition of ail viral 
RNA accumulation by NP- or PA-specific siRNAs probably 
occurs because the RNAs arc not transcribed. Both the targeted 
mRNA degradation and the result I >l i ibilion ol other 
viral RNA transcription make the NP-'aiKi PA- specific siRNAs 
especially potent inhibitors of influenza virus infection. 
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RNAi-mediated gene silencing in non-human 
primates 
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The opportunity to harness the RNA interference (RNAi) pathway 
to silence disease-causing genes holds great promise for the 
development of therapeutics directed against targets that are 
otherwise not addressable with current medicines 1,2 . Although 
there are numerous examples of in vivo silencing of target 
genes after local delivery of small interfering RNAs (siRNAs) 3 " 5 , 
there remain only a few reports of RNAi-mediated silencing in 
response to systemic delivery of siRNA 6 ", and there are no 
reports of systemic efficacy in non-rodent species. Here we show 
that siRNAs, when delivered systemically in a liposomal formu- 
lation, can silence the disease target apolipoprotein B (ApoB) in 
non-human primates. APQB-specific siRNAs were encapsulated in 
stable nucleic acid lipid particles (SNALP) and administered by 
intravenous injection to cynomolgus monkeys at doses of 1 or 
2.5 mg kg~\ A single siRNA injection resulted in dose-dependent 
silencing of APOB messenger RNA expression in the liver 48 h 
after administration, with maximal silencing of >90%. This 
silencing effect occurred as a result of APOB mRNA cleavage at 
precisely the site predicted for the RNAi mechanism. Significant 
reductions in ApoB protein, serum cholesterol and low-density 
lipoprotein levels were observed as early as 24 h after treatment 
and lasted for 11 days at the highest siRNA dose, thus demonstrat- 
ing an immediate, potent and lasting biological effect of siRNA 
treatment. Our findings show clinically relevant RNAi-mediated 



gene silencing in non-human primates, supporting RNAi thera- 
peutics as a potential new class of drugs. 

ApoB is expressed predominantly in the liver and jejunum, and is 
an essential protein for the assembly and secretion of very-low- 
density lipoprotein (VLDL) and low-density lipoprotein (LDL), 
which are required for the transport and metabolism of cholesterol 9 . 
As a large, lipid -associated protein, ApoB is not accessible to target- 
ing with conventional therapies, but it is a highly relevant and 
validated disease target. Llcvated ApoB and LDL levels are correlated 
with increased risk of coronary artery disease, and inadequate control 
of LDL-cholesterol after acute coronary syndromes results in 
increased risk of recurrent cardiac events or death" 1 '". Approaches 
targeting ApoB with second-generation antisense oligonucleotides 
have progressed to pre-clinical and clinical studies'*'. Despite progress 
in the management of hypercholesterolaemia using HMG-CoA 
reductase inhibitors and other drugs that affect dietary cholesterol, 
lucre remains a significant need for new therapeutic approaches. 

We have previously demonstrated silencing of Apob in rodents 
using cholesterol-conjugated siRNAs 6 . In the current study, we used 
a liposomal formulation of SNALP to evaluate systemic delivery 
of siRNA directed towards APOB. Preliminary evaluations were 
conducted in mice. Whereas administration of the Apoi-specific 
siRNA siApoB-1, without formulation or chemical conjugation, at 
doses higher than 50 mgkg -1 was previously shown to have no 
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Figure 1 j SNALP-siRNA-mediated silencing of murine Apob is potent, 
specific, dose-dependent and long-lasting, a, Liver Apob mRNA levels 
normalized to Gapdh mRNA and serum ApoB- 100 protein levels measured 
two days after single i.v. injections of saline, SNALP-siApoB-1 (1 mgkg" 1 ), 
mismatched SNALP-siApoB-MM (1 mgkg" ') or empty SNALP vesicles 
(25 mg kg - ') (n = 5 per group), b, Liver Apob mRNA levels normalized to 



i, miiR sscss I . , days after i.v. administration of saline or 5, 2.5, 
1 or 0.5 mgkg" 1 SNALP-siApoB-2 (n = 4 per group), c, Serum ApoB- 100 
levels after i.v. administration of either saline or 2.5 mgkg"' SNALP- 
siApoB-2 (n = 6 per group). Serum ApoB-100 levels for SNALP-siApoB-2- 
treated animals are relative to the saline-treated group for the same time 
point. Data show mean ± s.d. 
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Figure 2 | Systemic silencing of APOB mRNA in non-human primates. 

a, b, Liver APOB mRNA levels for 12 biopsies (three isolated from each of 
four liver lobes) were quantified relative to GAPDH mRNA either 48 h 
(a, H = 4 animals per group) or 1 1 days (b, n = 2) after treatment with 
SNALP-siApoB-2. Data shown are mean APOBIGAPDH mRNA 



SNALP-siApoB-2 (rr 



J" 1 ) 



levels ± s.d. for each animal. Mean values (±s.d.) of the per cent APOB 
mRNA reduction relative to the saline treatment group are shown above 
each group. Asterisks indicate statistical significance compared with the 
saline-treated group (P < 0.005; ANOVA). 



in vivo silencing activity 6 , —80% silencing of liver Apob mRNA and 
ApoB-100 protein was achieved with a single lmgkg ~' dose of 
SNALP-formulated siApoB-1 (Fig. la). In contrast, no detectable 
reduction was observed with a SNALP-formulated mismatched 
siRNA (siApoB-MM) or empty SNALP vesicles, indicating that 
silencing is specific to the siRNA and is not caused by the lipo- 
somal carrier. This silencing effect of SNALP-formulated siRNA 
represents more than a 100-fold improvement in potency compared 
with systemic administration of cholesterol-conjugated siApoB-1 
(chol-siApoB-1) (Supplementary Fig. 1). Moreover, liposomal for- 
mulation of siRNA seems to be a general strategy for silencing 
hepatocyte targets, as demonstrated in mice for coagulation factor 
VII, green fluorescent protein and cyclophilin B (A.A., R. Constien 
and M.N.F., unpublished results). 

As siApoB-1 was originally designed to be cross -reactive to both 
mouse and human ApoB genes, and we planned to conduct RNAi 
studies in non-human primates, a second ApoB-specific siRNA, 
siApoB-2, was designed to be cross-reactive with mouse, human 
and cynomolgus monkey ApoB genes. siApoB-2 was also selected on 
the basis of in vitro gene silencing activity and the absence of 
immunostimulatory activity (data not shown). Murine studies 
showed that encapsulated siApoB-2 showed a dose-dependent 
reduction in Apob mRNA, with >90% silencing achieved at the 
highest (5 mg kg" 1 ) dose (Fig. lb). After a single 2.5 mg kg" 1 dose of 
SNALP-siApoB-2, 80% silencing of liver Apob mRNA was associated 
with a 72% reduction in serum ApoB- 100 protein. The silencing 
effect was detected for up to nine days, and was followed by recovery 
to normal protein levels by day 13 after treatment (Fig. lc). 

To address the therapeutic potential of this systemic RNAi 
approach, we evaluated the pharmacokinetics, efficacy and safety 
of SNALP-formulated siApoB-2 in cynomolgus monkeys. We first 
determined the circulating half-life of SNALP-siApoB-2 in plasma 
samples collected from cynomolgus monkeys (n = 2) receiving a 
single 2.5 mgkg" 1 intravenous (i.v.) injection of the siRNA. An 
elimination half-life of 72 min was measured for the siRNA (Sup- 
plementary Fig. 2), compared with a 38-min half-life in mice 
(Supplementary Fig. 3a). 

To evaluate efficacy, cynomolgus monkeys were treated with saline 
or SNALP-formulated siApoB-2 at doses of 1 or 2.5 mg kg" 1 (n = 6 
per group). siApoB-2 treatment was associated with a clear and 
statistically significant dose-dependent gene-silencing effect on 
cynomolgus liver APOB mRNA. Forty-eight hours after treatment, 
APOB mRNA was reduced by 68 ± 12% (mean ± s.d., n = 4, 
P = 0.004) and 90 ± 1% (n = 4, P = 0.002) for the 1 mgkg~' and 
2.5 mgkg _1 groups, respectively (Fig. 2a). Gene silencing was found 
to be consistent across the liver and correlated with detectable tissue 
levels of siApoB-2 (Supplementary Fig. 4). We also confirmed this 
APOB mRNA silencing to be mediated by RNAi, as demonstrated by 
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5 ' rapid amplification of cDNA ends (RACE) analysis and identifi- 
cation of the predicted cleavage site, exactly ten nucleotides from the 
5' end of the s B lemcntary Fig 

Notably, APOB mRNA silencing was maintained for 1 1 days a ft er the 
single 2.5 mgkg" 1 treatment, with APOB mRNA levels still reduced 
by 91 ± 1.5% (Fig. 2b). Monkeys treated with the 1 mgkg" 1 dose 
showed varying degrees of recovery from ApoB silencing at the day 1 1 
time point. Although APOB mRNA was efficiently silenced in the 
liver, SNALP-siApoB-2 showed no silencing of APOB expressed in 
the jejunum (Supplementary Fig. 6), consistent with the absence of 
significant biodistribution of SNALP-formulated siRNAs to intesti- 
nal tissues in mice ( Su , tai g. 3b) 

The degree and persistence of RNAi-mediated silencing observed 
in cynomolgus monkeys far exceeds the results obtained with 
rodents. The lasting RNAi-mediated effects in vivo are consistent 
with observed long-lasting silencing by siRNAs in other studies 11 ", 
and the longer duration observed in primates may relate to species 
differences in the efficiency and stability of the RNA-induced 
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Figure 3 1 Phenotypic effects of RNAi-mediated silencing of APOB mRNA in 
non-human primates, a-d, Serial plasma samples were obtained from 
cynomolgus monkeys treated with saline or 1 or 2.5 mgkg" 1 SNALP- 
siApoB-2, and measured for ApoB-100 (a), total serum cholesterol (b), LDL 
(c) and HDL (d) levels. Data show levels as a percentage of pre-dose values 
and are expressed as mean ± s.d. Data sets collected at 0, 12, 24 and 48 h 
have a group size of six, and data sets collected at later time points have a 
group size of two. Data points marked with asterisks are statistically 
significant compared with saline-treated animals (*P < 0.05, **P < 0.005; 
ANOVA). 
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silencing complex (RISC), the mitotic state of hepatocytes and/or the 
tissue stability of the siRNA. 

The expected biological effects resulting from APOB mRNA 
silencing include reduction in the blood levels of ApoB-100 protein, 
total cholesterol and LDL. To evaluate the kinetics of these down- 
stream effects, we analysed plasma sampled serially from individual 
monkeys before and during the 1 1-day time course of the single-dose 
siApoB-2 study. Plasma ApoB-100 protein levels were reduced as 
early as 12 h after administration of 1 or 2.5mgkg 1 SNA LP- 
siApoB-2, reaching nadirs of 35 ± 2% and 22 ± 9% of pre-treat- 
ment levels, respectively, 72 h after treatment (Fig. 3a). Animals that 
received the higher siRNA dose maintained a marked reduction in 

i I i t ween 2 and 11 days after treatment, consistent with 

the lasting effect on mRNA silencing. Monkeys that received the 
lower siRNA dose showed an intermediate degree of ApoB protein 
reduction that returned to pre-dose levels by day 11, consistent with 
the observed recovery in APOB mRNA. 

Serum cholesterol levels were similarly reduced, in a dose- 
dependent manner and with comparable kinetics (Fig. 3b). The 
maximum cholesterol reduction of 62 ± 5.5% (« = 2, P = 0.006) 
observed for the high dose siRNA group would be considered 
clinically significant for patients with hypercholesterolaemia, 
and exceeds levels of cholesterol reduction reported clinically for 
currently approved cholesterol-lowering drugs. 

Administration of SNALP-siApoB-2 also resulted in dramatic and 
rapid dose-dependent reduction in the ApoB-containing lipoprotein 
particle LDL. Reduction in LDL relative to pre-dose levels was 
observed as early as 24 h after treatment for both doses of SNALP- 
siApoB-2 (Fig. 3c). In contrast, there were no significant changes in 
circulating levels of the non-ApoB-containing high-density lipopro- 
tein particle (HDL, Fig. 3d). The reduction in LDL persisted over the 
1 1-day study for both siApoB-2 treatment groups, with a maximum 
82 ± 7% decrease compared to pre-treatment levels observed for the 
high-dose group at day 1 1 (« = 2, P = 0.003). The time required for 
the biological effects to return to pre-dose levels was not determined 
for the high-dose group because the endpoint for this study was 
defined using, roilcr.t data, which indicated a faster rate (if recovery. 
The rapid onset and lasting eftcet on apoprotein :m iahoiiv.ii suggeM 
that siRNAs targeting APOB may be a valuable therapeutic strategy 
for achieving plaque stabilization in acute coronary syndromes'"'", 
as l IMG-CoA reductase inhibitors can require up to 4-6 weeks to 
have the desired clinical effects 1 '. 

An important consideration for the therapeutic application of 
siRNA relates to its general safety, as well as to the safety profile 
associated with specific delivery technologies. General tolerability 
as well as specific toxicities (such as activation of complement, 
coagulation and cytokines) were evaluated for all monkeys in this 
study. We observed no treatment-related effects on the appearance or 
behaviour of animals treated with SNALP-siApoB-2 compared with 
saline-treated animals. There was no evidence for complement 
activation, delayed coagulation, pro-inflammatory cytokine pro- 
duction (Supplementary Table 1) or changes in haematology pa- 
rameters (data not shown), toxicities that have been observed 
previously with treatments using related approaches 16 "". Across a 
systematic evaluation, the only detected change in primates treated 
with SNALP-siApoB-2 was a transient increase in liver enzymes in 
monkeys that received the high dose of SNALP-siApoB-2. The 
observed transaminosis peaked 48 h after treatment and was highly 
variable across individual animals. These effects, which were 
observed only at the highest dose of SNALP-siApoB-2, were com- 
pletely reversible, with normalization by day 6 notwithstanding 
continued biological efficacy. 

Our study highlights the potential for therapeutic gene silencing 
using systemic RNAi in non-human primates. A single, low dose of 
APOB-specifk siRNA resulted in rapid and lasting RNAi-mediated 
gene silencing, with associated and profound phenotypic changes. 
The study was limited by the premature termination of the protocol 



after 1 1 days, which prevented full evaluation of the time course for 
RNAi-mediated effects. Although further optimization of treatment 
regimen and safety profile characterization may be required, our data 
suggest that systemic delivery of siRNAs for targeting hepatocyte- 
spccilic genes in a higher species is possible. Furthermore, the rapid 
and long-lasting silencing of APOB using RNAi may represent a new 
strategy for reducing LDL-choIesterol in several relevant clinical 
settings. 

METHODS 

Additional details of the methods used are provided in the Supplementary 
Information. 

siRNA formulation. The SNALP formulation contained the lipids 3-N-[(o- 

thos'ypolyi ethylene til ill t i m i 

(PRG-( -DMA), l,2-dilmolcyloxy-N,N-dimethyl e-aminopropanc i Dl.iiil )MA), 
h2-dislc.iroyl-.>ii-glycero-.*-pho.sphocholinc (DSPC) and cholesterol, in a 
2:40:10:48 molar per cent ratio. 

In vivo experiments. Saline and siRNA preparations were administered by tail 
vein injection under normal pressure and low volume (0.01 ml g -1 ) for all 
rodent experiments. Cynomolgus monkeys (« = 6 per group) received either 
2 ml kg 1 phosphate buffered saline or 1 or 2.5 mg kg 1 SNALP-siApoB-2 at a 
line 25n 1 1 is jolus i.v. injections via the saphenous vein, For 
mRNA measurements, three liver biopsies per lobe were collected 48 h In — 4) 
or 264 h (n = 2) after siRNA administration. 

Bioanalytical methods. The QuantiGene assay (Genospectra) was used to 
quantity reduction in APOB mRNA levels relative to the housekeeping gene 
GAPDH in lysates prepared from mouse liver or cynomolgus monkey liver and 
jejunum as previously described 6 but with minor variations. Mouse'' and 
cynomolgus monkey ApoB- 1 tit) protein levels were quantified by en? vine- linked 
immunosorbent assay ( FX IS A) . LDL and HDL lipoprotein content were 

termineil for plasm 11 I 

St it is ieal anal i II 

2-treatcd animals with saline-treated animals using analysis of variance 
(ANOVA, two-factor without replication) with an alpha value of 0.05. P-values 
less than 0.05 were considered significant. 
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INTRAVITREAL INJECTION OF 
VASCULAR ENDOTHELIAL GROWTH 

FACTOR SMALL INTERFERING RNA 
INHIBITS GROWTH AND LEAKAGE IN A 
NONHUMAN PRIMATE, LASER-INDUCED 
MODEL OF CHOROIDAL 
NEOVASCULARIZATION 

MICHAEL J. TOLENTTNO. MD,* ALEXANDER J. BRUCKER, MD,* 
10SI11 \ FOSNOl MD GI I -SHI JANG YING, MS, 4 I-HUI WU, MSG,* 
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Purpose: To determine the safety and efficacy of small interfering RNA (si RNA) directed 
against vascular endothelial growth factor (VEGF) in a nonhuman primate model of laser- 
induced choroidal neovascularization (CNV). 

Methods: Each animal received laser rupture of Bruch's membrane to induce CNV in 
both eyes. Each animal was then randomized to receive 0.05 mL of either vehicle alone or 
VEGF siRNA at 70 /a.g, 150 pig, or 350 /xg in both eyes by intravitreal injection. Eyes were 
monitored weekly by ophthalmic examination, color photography, and fluorescein angiog- 
raphy for 36 days after laser injury. Electroretinograms were measured at baseline and at 
5 weeks after laser. CNV on fluorescein angiograms were measured for area and graded 
for clinically significant leakage in a standardized, randomized, and double-masked fash- 
ion on days 15, 22, 29, and 36 after laser. 

Results: VEGF siRNA did not cause any change in electroretinographic, hemorrhage, 
inflammation, or clinical signs of toxicity. A single administration of VEGF siRNA significantly 
inhibited growth of CNV and attenuated angiographic leakage in a dose-dependent manner. 

Conclusion: Intravitreal injection of VEGF siRNA is capable of inhibiting the growth and 
vascular permeability of laser-induced CNV in a nonhuman primate in a dose-dependent 
manner. This study demonstrates preclinical proof of a principle that supports proceeding to 
clinical studies of VEGF siRNA in patients with exudative age-related macular degeneration. 

RETINA 24:132-138, 2004 



Age-related macular degeneration (AMD) is the 
leading cause of visual loss in the developed 
world and is characterized by the development of 
choroidal neovascularization (CNV). Approved treat- 
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merits such as macular photocoagulation and photo- 
dynamic iherapy are limited to a subpopulation of 
patients and have limited efficacy.™ 1 Advances in the 
under.slanding of the pathophysiology of AMD have 
led to the study of novel pharmacologic treatments. 
In particular, several of these treatments have tar- 
geted vascular endothelial growth factor (VEGF) by 
binding and inactivating this protein. 4 6 However, 
the enclosed nature of the eye and the need to de- 
liver a molar excess to block the effects of VEGF 
protein limit the dosing of tltese molecules based on 
toxicity and deliverability rather than maximum 
efficacy. 5 - 6 
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Recently, a novel method of post-transcriptional 
silencing of gene expression, called RNA interference 
(RNAi), was discovered. 7 RNAi is a conserved cellu- 
lar mechanism that silences the expression of a protein 
in a specific and potent fashion by utilizing double- 
stranded RNA (dsRNA) molecules that target a par- 
ticular messenger RNA (mJRNA). Unlike single- 
stranded antisense RNA, which is designed to directly 
bind and inactivate a single corresponding mRNA, 
dsRNA binds a complex of proteins that uses the 
dsRNA sequence to seek and destroy homologous 
mRNA in a multiple turnover kinetic fashion. By 
activating the RNAi mechanism, one dsRNA can de- 
stroy hundreds of targeted mRNA, which will result in 
the silencing of potentially thousands of protein mol- 
ecules. 8 Because of the potential of one molecule to 
suppress the expression of hundreds to thousands of 
protein molecules. RNAi is an ideal therapeutic strat- 
egy for the eye, which, because of its limited volume, 
requires potent molecules for effective local adminis- 
tration. Furthermore, because mRNA stabilization 
rather 1 i i ict lb 
proportion of VEGF upregulation, 1 ' post-transcrip- 
tional gene silencing by RNAi would result in a pro- 
longed downrcgulation of VEGF production. 

Although differing lengths of dsRNA. can mediate 
RNAi, long dsRNA is processed by the cell to produce 
small interfering RNA (siRNA), a 2.1 -nucleotide 
length dsRNA that acts as a true intermediate for the 
process of RNAi. 10 We have shown previously that 
siRNA designed against VEGF mRNA can silence 
gene expression and inhibit the development of laser- 
induced CNV in the mouse eye. 11 In this study, we 
developed a single, intravitreally delivered siRNA 
(CandS) that x>tentl\ 1 t i iman \ ( IF iu h is 
been confirmed both by sequence homology and in 
cell-based assays to target monkey VEGF. We used 
this siRNA to preclinically test its ability to inhibit 
laser-induced CN V in the nonhuman primate. 

The laser-induced CNV model in a nonhuman pri- 
mate was used to test both currently approved and 
investigational treatments for AVID. 12 - 13 The purpose 
of this study is to determine the toxicity of an intrav- 
itreal injection of siRNA against VEGF and to eval- 
uate its ability to attenuate growth and leakage of 
laser-induced CNV in the nonhuman primate. 

The RNAi mediated against VEGF is a potent strat- 
egy for inhibiting growth and leakage of CNV in 
macular degeneration. We demonstrate that at concen- 
trations far below the maximum deliverable dose, one 
administration of VEGF siRNA can significantly in- 
hibit both growth of CNV and VEGF-induccd vascu- 
lar permeability in a dose-dependent manner and with 
prolonged duration. 



Materials and Methods 

Animals 

Eight adult cynomolgus monkeys (Mann a / ivcictt 
lam), obtained from Sierra Biomedical. Reno. Ne- 
vada, were used in accordance with the guidelines of 
the Association of Research in Vision and Ophthal- 
mology on the use of animals in research and accord- 
ing to the animal care guidelines of Sierra Biomedical. 
Before we performed surgical procedures, examina- 
tion procedures, and eleetroret inography . the animals 
were anesthetized with intramuscular ketamineHCl at 
a dose of 10 mg/kg, followed with intravenous admin- 
istration of ketamine and diazepam at a dose of 0.5 
mg/kg. Before fundus examination or photography, 
the animals' eyes were dilated with 1% tropicamide. 

Indue (ion of experimental choroidal 
neovascularization 

The CNV membranes were induced in the macular 
region. Twelve symmetrical spots were produced us- 
ing 75 (xm spot size, 0.1 second duration, and power 
settings ranging from 450 mW to 550 mW. To control 
for varying choroidal pigmentation, test spots in the 
peripheral retina were performed to calibrate the 
power required to produce a break in Bruch's mem- 
brane, indicated by the formation of a vapor bubble 
and small hemorrhage. Once power settings had been 
determined, 12 spots were placed between the vascu- 
lar arcades in a symmetrical fashion. Care was taken 
to avoid lasermg the fovea. During laser application, 
each spot was graded for the presence of a vapor 
bubble and accompanying small hemorrhage, which 
signified a break in Bruch's membrane. Fundus pho- 
tographs were taken immediately after laser was per- 
formed. Spots that did not break Bruch's membrane 
were recorded and excluded from analysis. In total, 
only two spots were excluded. 

Intravilreal injection 

A siRNA molecule directed against VEGF, referred 
to as CandS, was provided by Acuity Pharmaceuticals 
(Philadelphia. Pennsylvania). Cand5 was produced as 
described elsewhere." Immediately after laser, eight 
monkeys were randomized to receive 0.05 mL of 
either vehicle or one of three doses of Cand5 (70 fxg, 
180 /x,g, 350 jixg), which was injected into the mid- 
vitreous cavity using a 1 mL tuberculin syringe and a 
30-gauge needle. The eyes were entered 2 mm poste- 
rior to the limbus. Injections were monitored for evi- 
dence of reflux or inadequate injection. If injection 
resulted in extensive reflux of substance, this was 
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recorded and eyes that had (ailed injections were 
excluded from analysis, Two eyes were excluded due 
to inadequate injections. 

Ophthalmoscopic examination 

Indirect ophthalmoscopy and slit-lamp biomicros- 
copy were performed before injection and weekly 
thereafter. Each eye was scored for evidence of in- 
flammation using a standard inflammation grading 
system. 14 Slit-lamp biomicroscopy was performed to 
evaluate cataract formation, and the posterior pole was 
also examined for evidence of retinal detachment. 

Electroretinogram. 

Electroretinograms were recorded before study and 
? weeks after laser induction. Electroretinograms were 
obtained with an Epic 2000 (LK.C technologies, 
(iaithersburg, Maryland ). Before clcctroretmography, 
animals were dark-adapted by being placed in a dark 
room for 30 minutes. After dark-adaptation, the ani- 
mals were sedated and their eyes dilated. A contact 
lens and electrodes were placed. Calibration of the 
Epic 2000 was performed before testing and after 
testing. Photopic, scotopic, and dicker measurements 
were obtained using standardized light Hash regimens. 

Fluorescein angiography and fundus photography 

Color photography and fluorescein angiography 
were performed with a digital fundus camera con- 
nected to the Imagenet system (Topcon TRC-50EX; 
Topcon, Paramus, New Jersey). Standardized photo- 
graphs and fluorescein angiograms were taken for 
each animal >a Im 1 i 1 iys 15, 22, 29, and 36 
after laser induction. Fluorescein angiography was 
performed by injecting fluorescein dye (0.1 nth kg of 
10% fluorescein sodium) intravenously and taking 
multiple pictures 3 seconds to 300 seconds after in- 
jection of the dye. 

Fluorescein angiographic spot size measurement 

The area of CNV was measured from representative 
early frame angiograms for each eye at each time- 
point. Larly frame angiograms were selected to avoid 
leakage seen on laic frames. The representative im- 
ages were selected for gradeability and represented 
images that were in or immc< it r arteriovenous 

phase. The images were randomized and masked so 
that the reviewer was double-masked as to the animal, 
the time the photograph was taken, and the treatment, 
losing Nil I Image software (Scion Corp., Frederick, 
Maryland), area measurements were made for each 
spot by tracing the neovascular area and recording the 



area measurement. The area measurements were per- 
formed on all lesions using a fixed calibration. To 
normalize the data, the area of the laser spot was 
subtracted from the measurement to represent the 
growth of CNV greater than the laser spot. Each 
digital image was unaltered. 

Fluorescein angiogram grading 

Representative early and late frame angiograms 
were selected from each eye for each timepomt. Early 
frames were selected for gradcablity and timing that- 
demonstrated arteriovenous phase or immediately af- 
ter arteriovenous phase. The range of times was from 
3 seconds to 45 seconds. Laic-phase angiograms were 
selected for gradeability and timing that was greater 
than 280 seconds. These images were randomized and 
double-masked so that the reviewer was masked to the 
animal, the time the photograph was taken, the time 
frame of the angiogram, and the treatment. 

Each image was analyzed by an experienced angio- 
gram reviewer (AJB). Each angiogram was graded for 
the presence or absence of CN V, presence or absence 
of coalescence, and presence or absence of hemor- 
rhage. Each laser spot was graded for degree of leak- 
age on a standardized scale of 0 to 5. Grading scores 
were defined as follows: 0, no hyperfluorescence; I, 
mild speckled hyperfluorescent staining; 2, moderate 
hyperfluorescent staining; 3, mild lesion leakage; 4, 
moderate lesion leakage; 5, extensive lesion leakage. 
Clinically significant fluorescein leakage was assigned 
a grade of 4 or higher. 

H istopathology 

After the fifth-week fluorescein angiogram and 
electroretinogram, animals were killed under deep an- 
esthesia and the eyes were carefully enucleated and 
placed in 10% formalin overnight, flic eyes were then 
grossly dissected and the nasal aspect of the globe 
removed. The globe was then processed and embed- 
ded in paraffin, with care taken to orient the eye so that 
the area of interest (macular region) could be sec- 
tioned. Serial sections were performed and stained 
with hematoxylin and eosin. Slides were observed and 
photographed tinder brightfield illumination micros- 
copy (Leica, Wetzlar, Germany) Sections were corre- 
lated with fluorescein angiograms. 

Statistical analysis 

For the CNV area analysis, because we are inter- 
ested in the growth of CNV beyond the laser spot, we 
normalized all the data points to the size of the orig- 
inal laser spot by subtracting the area of the original 
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laser spot (0.24) from each CNV area measurement. 
The normalized CNV area measurements were treated 
as continuous variables and analyzed by generalized 
equation estimation t(iEF) 1 -'' to account tor die corre- 
lations from (he repeated mea-urements from laser 
spots over time from the same eye. Percentage of 
fluorescein leakage of grade 4 or more was determined 
as evidence of leakage, and the differences among 
Cand5 dose levels were also compared by performing 
GEE. All the data analysis was performed using SAS 
8.2 (SAS, Gary, North Carolina). 

Results 

Inflammation and elcctroretino^rap/iy 

Throughout the experiment, no inflammation, cata- 
ract formation, retinal detachment, or vitreous hemor- 
rhage was noted in any of the animals. Electroretino- 
grams obtained at baseline and during the fifth week 
ai'ter laser showed no significant change between the 
baseline and c « ' jcctii I epo it in any of the 
treated or control animals. 

Area measurements 

To determine the overall effect of one injection of 
siRNA on inhibition of laser-induced CNV, the areas 
of CNV for all timepoints were combined and aver- 
aged. This analysis demonstrated that all three doses 
of CandS inhibited growth of neovascular area as 
compared with findings in control animals 
(P < 0.0001 for 70 /xg, 1 80 /xg, and 350 /xg compared 
with control). Although the 350 /xg dose of CandS 
demonstrates a larger effect on decreasing neovascular 
growth than the other two close levels, the differences 
are not statistically significant (P > 0.05). Overall, the 
area of CNV was reduced by more than 50% of the 
normalized control area when CandS was injected 
after laser injury. 

To assess the efficacy of CandS over time, we 
measured growth of CNV area beyond the laser spot at 
days 1 5, 22, 29, and 36 after laser injury and intrav- 
ureal injection. At all doses and at each timepoint, the 
area of neovascularization was significantly lower in 
the treated eyes than in control eyes (P < 0.001 for 
each timepoint compared with control) (Figure 1). 
Thus, with one injection of CandS, neovascular 
growth remains inhibited throughout the 36-day fol- 
low-up period. 

Vascular permeability 

In addition to size, a single injection of CandS was 
capable of decreasing leakage. Both early and late 




dose, of Cand^ (siRNA lasted against VFGF). n.cre was a signifi-- 
caul tiillcivm-c lu-lw L'cn all ircalmcnl groups al cat h liincpoml com 
pared wilt conliol values (/' ••' 0.01, i lor all lam-points). 



fluorescein angiograms taken on day 36 demonstrate 
that leakage was inhibited in CandS-treated eyes. The 
eye that received injection of vehicle demonstrated a 
large confluent bridging lesion (Figure 2 A) and extensive 
late leakage (Figure 2B). In contrast, an eye treated with 
350 /xg of CandS demonstrated an imperceptible in- 
crease in size to the laser lesion (Figure 2C) and no late 
leakage of any of the laser spots (Figure 2D). 

Through analysis of angiograms at each dose level, 
the percentage of spots that had clinically significant 
leakage as defined by a grade of 4 or more could be 
calculated for each timepoint (Figure 3). The control 
eyes had as much as 70% (33/47) of spots with active 
leakage, as compared with 27% (13/48), 6% (3/48), 
and 4% ( 1/24) of spots in eyes injected with 70 /xg. 
180 /xg, and 350 /xg, respectively, of CandS at Day 15; 
this shows a significant close-response effect 
i ' snot with 
leakage decrease with time (P = 0.02), the difference 
between treated and control eyes are still significant 
(P = 0.0007). The dose response for clinically signif- 
icant leakage persists at every timepoint and can be 
represented as a classic pharmacologic dose-response 
curve (Figure 4). 

To confirm that angiographically measured and 
graded lesions represented CNV, angiograms were 
con-elated to histopathologic findings. Histopathology 
confirmed that angiogi ip li ; b\ measured CNV that 
stained or leaked represented subretinal neovascular- 
ization and that the extent of angiographically mea- 
sured lesions corresponded to the histologic edge of 
the lesions (Figure 5). 

Discussion 

Visual loss from exudative macular degeneration 
results from both vascular permeability and CNV. 
VEGF, which is both an endothelial growth factor and 
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angiogram (302 seconds) (Hi 
of nil tu ith I . 

phase, 30 seconds) (C) and 
lilie angiogram ('23)0 seconds) 
(D) of animal injected with 
350 jig of CandS. The control 
animal has both large choroi- 
dal neovascularization and 
extensive leakage in early and 
late frames. The animal re- 
ceiving the CandS shows cho- 
roidal neovascularization that 
not extend past die laser 



eakage 



a permeability factor, plays a central role in the de- 
velopment of exudative AMD. By inhibiting VEGF 
action, both permeability and angiogenesis can be 
targeted. Recent clinical trials have shown that atten- 
uating vascular permeability by the inhibition of 
VEGF can result in visual improvement. 6 

There are currently two inhibitors of VEGF, an 




to 5 at days 1 5, 22. 29, and 36 after laser induction in eyes injected with 
the control agent or one of three doses of CandS. Spots with evidence 
ofneo\ s du 1 ;agc is t id rade of 4 oi lb e, with the 
higher grade representing greater amount of leakage. At each time- 
point, the percentage of neova.wular spots with m> siginlieant leakage 
Kiiadl- 3 or less) was higher lor ah three OiikIS doses as compared with 
control. Furthermore, incieasing doses of CandS were associated with 
increasingly higher perccwages spots with no leakage. 



aptamer and an antibody fragment, that are under 
commercial development for the treatment of exuda- 
tive AMD. These two molecules both require direct 
binding of the VEGF protein on a molar-to-molar ratio 
to neutralize VEGF. Although both molecules are 
capable of inhibiting ocular neovascularization in an- 
imal models, frequent administration is required to 
maintain a therapeutic level of VEGF inhibition. 4 ' 5 ' 16 
Furthermore, the requirement for frequent administra- 
tion has been carried forward to the clinical trials. 




Fig. 4. The percentage of neovasculai spot-, with m> clinically signs i- 
icanl leakage plotted aganre dose of CandS on day 29 follows a 
dose- 1 espouse curve. 
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which require patients to be injected every 4 to 6 
weeks. 

Although the advancement of these VEGF antago- 
nists into clinical trials have validated VEGF as a 
therapeutic target for the treatment of AMD, the lim- 
itations of these molecules dictate the dosing and 
frequency of treatment. These limitations provide an 
opportunity to develop better VEGF inhibitors that 
can potentially be administered less frequently and act 
more potently. RNAi mediated by a siRNA. against 
VEGF may represent this more potent and longer 
lasting therapeutic agent. On a molar-to-molar basis, a 
siRNA against VEGF is conceivably 100 to 1000 
times more t ' rotein antagonists. In 

contrast to protein antagonism, the prevention of 
VEGF production could potentially translate into a 
much longer interval between administrations, in ad- 
dition to the potential for greater efficacy and de- 
creased toxicity. 

In this study, we sought to demonstrate the efficacy 
of RNAi in a clinically relevant model of CNV. Be- 
cause of the limitations df this model and its propen- 
sity to regress spontaneously, it is not possible to 
directly lest the full duration of effect. What we have 
shown in this study is that a single intravitrcal injec- 
tion of si UNA targeting VEGF can prevent growth of 
CNV and attenuate vascular leakage of CNV in a 
dose-dependent fashion for at least 5 weeks. 

The VEGF-neutralizmg fragment of monoclonal 
antibody against VEGF (Euecntis, Gencnfech, South 
San Francisco. California) is injected every 4 weeks 
and is currently under clinical investigation. This mol- 
ecule was also tested in the laser-induced model of 
CN V in a nonhuman primate. To obtain results similar 



to the inhibition of leakage seen in our study, the 
animals required injections of rhuFAB VEGF every 2 
weeks and obtained inhibition of leakage similar to 
our findings with a single administration of our drug. 16 
With Ik in li n_ a, in i It _ i i \ i iv 
experimental eyes developed varying degree-- of in- 
flammation with the r first cclkn mi sii quent 
injections, in our study, we noted no mllammatiori. 
and a single injection as compared with weekly injec- 
tions resulted in similar inhibition of vascular perme- 
ability, especially at our higlu do e. (no ,f". ol CNN 
was not analyzed in the Lucenlis study. 

A. single injection of our high dose suppressed 
leakage throughout the follow up pound i u > .in 
that the duration of action on vascular permeability 
with one injection of CandS is at least 5 weeks, 
especially at our higher dose. Furthermore, because 
the maximum solubility of Cande in an aqueous me- 
dium is greater than 200 nig/ml. (unpublished data), 
we are capable of dosing at much higher levels. At the 
dose levels used in this study, no evidence of inflam- 
mation or toxicity was noted. Formal animal toxicity 
studies are necessary to determine the highest accept- 
able dose level that can be delivered to the eye. 

Although formal toxicity studies are necessary, our 
preliminary toxicity evaluation, which included oph- 
thalmic examinations, histologic examinations, and 
electroretinograms, suggests that ■.njcetimis of siRNA 
into the eye are safe. A pegylated RNA molecule, 
Macugen (Eyetech Pharmaceuticals, New York, New 
York), which is delivered tntravitreally every G weeks 
has shown efficacy in clinical trials for macular de- 
generation and demonstrates an excellent safely pro- 
file. 5 - 6 Unlike a pegylated aptamer, siRNA is a much 
smaller molecule, is not modified, is many-fold more 
soluble, and mediates a 100-fold more potent mecha- 
nism of VEGF suppression, RNA interference. 

The ability of siRNA directed against VEGF to 
significantly inhibit choroid;.:! nonvascular growth and 
leakage is important for several reasons. This study 
illustrates the potency of siRNA as a therapeutic class 
of molecule. As a therapeutic agent, siRNA is potent, 
is highly soluble, shows no toxicity, and appears to 
have a longer duration of action then other available 
therapeutic molecules. This study also represents, to 
our knowledge, the first in vivo demonstrations 
of siRNA mediated RNAi in a nonhuman primate 
administered using a clinically feasible route of 
administration. 

In summary, this successful prevention of choroidal 
nonvascular lesion growth and leakage in a nonhuman 
primate model following intravitreal administration of 
Cand5 is the first demonstration of therapeutic RNA 
interference in a primate model of disease. In addition, 
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this preclinical proof of principle provides a guideline 
for dosing in humans and provides strong support for 
advancing this molecule into clinical trials for the 
treatment of vet age-related macular degeneration. 

Keywords: age-related macular degeneration, cho- 
roidal neovascularization, dsRN.A, nonhuman pri- 
mate, RNAi, RNA interference, siRNA, small inter- 
fering RNA. vascular endothelial growth factor 
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